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%SUMMARY.
1 . The a c t io n s  o f  FMRFamide and re la te d  p e p tid e s  on 
id e n t i f ie d  and some u n id e n t i f ie d  H e l ix  asoersa  neurones 
have been in v e s t ig a te d  u s in g  e le o t ro p h y s io lo g ic a l 
te c h n iq u e s .
2 , Neurones were v o lta g e  clamped u s in g  a s in g le  
m ic ro e le c tro d e . The e le c tro d e  was r a p id ly  sw itch e d  between I 
re c o rd in g  th e  membrane p o te n t ia l  and p a ss in g  c u rre n t us ing  
a sample and h o ld  a m p l i f ie r .
3 . P ep tid es  were a p p lie d  to  th e  neurones by |  
io n o p h o re s is , p re ssu re  e je c t io n ,  o r ba th  a p p lic a t io n .  No 
q u a l i t a t iv e  d if fe re n c e s  were observed between responses 
induced  by d i f f e r e n t  a p p l ic a t io n  m ethods.
4 . The io n ic  mechanians o f  th e  responses were 
in v e s t ig a te d  by io n  s u b s t i tu t io n  e xpe rim en ts  and 
a p p l ic a t io n  o f  channel b lo c k in g  compounds.
5 . Three responses were induced  by FMRFamide: a 
h y p e rp o la r iz in g  response r e s u l t in g  fro m  a slow in c re a se  in  
gK, a r a p id ly  d e s e n s it iz in g  d e p o la r iz in g  response 
r e s u l t in g  m a in ly  from  an in c re a s e  in  gNa, and a v o lta g e  
dependent response r e s u l t in g  from  a su p p re ss io n  o f  an 
outw ard  K c u r re n t  (a  decrease in  ^ ) .
6 . C om binations o f  th e  above responses o ccu rre d  in  
in d iv id u a l  neurones. The in c re a s e  in  ^  and th e  in c re a se  
i n  gNa o ccu rre d  s im u lta n e o u s ly  in  th e  F2 neurone, w h ile  
th e  in c re a se  in  gK and th e  decrease i n  gK o ccu rre d  
s im u lta n e o u s ly  in  th e  Cl neurone.
7 . The responses induced by FLRFamide and FIRFamide 
had s im i la r  p ro p e r t ie s  as FMRFamide induced  responses. I t  
i s  concluded th a t  these  th re e  te t ra p e p t id e s  a c t iv a te  the  
same re c e p to rs .
8 . Responses to  pQDPBLRFamide and YGGFMRFamide were 
d i f f e r e n t  to  those in d uce d  by th e  te t r a p e p t id e s .  Both o f 
these  h e p ta p e p tid e s  in d uce d  a f a s t  h y p e rp o la r iz a t io n  w hich 
was th e  r e s u l t  o f a f a s t  in c re a s e  in  gK, however, they 
f a i le d  to  a c t iv a te  th e  in c re a s e  in  gNa.
9 . Four responses were observed to  p e p tid e s  w ith  the  
common sequence -M e t (o r  Leu) -A rg-P he-N H ^: a slow 
in c re a se  in  gK and an in c re a s e  in  gNa w h ich  were a c t iv a te d  
m a in ly  by the  te t r a p e p t id e s ,  and a f a s t  in c re a se  in  gK and 
a decrease in  gK w h ich  were a c t iv a te d  m a in ly  by the  
h e p ta p e p tid e s .
10. The r e s u l t s  a re  c o n s is te n t w ith  th e  presence o f 
fo u r  type s  o f FMRFamide re c e p to rs  on H e lix  neurones.
11. Both FMRFamide and pQDPBLRFamide a re  p re sen t in  
H e l ix . The d i f f e r e n t  a c t io n s  o f  these  two p e p tid e s  
re p o r te d  he re  im p ly  th a t  the y  have d i f f e r e n t  p h y s io lo g ic a l 
r o le s  i n  H e l ix .
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1.1 PEPTIDES AND INTERCELLULAR COMMUNICATION.
Communication between d i f f e r e n t  c e l ls  o r  
m u l t i c e l lu la r  s t ru c tu re s  occurs  in  most cases by the  
re le a s e  o f a chem ica l substance w hich a c ts  on th e  ta rg e t  
c e l ls .  In  th e  e ndocrine  system o f m u l t ic e l lu la r  an im als, 
th e  s i t e  o f  re le a s e  i s  o f te n  f a r  from  the  ta r g e t  t is s u e , 
and th e  re le a s e d  substance may l in g e r  in  th e  b lood  o r 
haemolymph o f the  an im a l f o r  se ve ra l h ou rs . In  the
mammalian e n d o c rin e  system , many o f these in t e r c e l l u la r  
messengers a re  p e p tid e s  w h ich  may have lo n g - la s t in g  
e f fe c t s  on th e  ta r g e t  t is s u e .
Communication between neurones, however, re q u ire s  a 
b r ie f  and lo c a l iz e d  re le a s e  o f the  in te rn e u ro n a l messenger 
(o r  n e u ro t ra n s m it te r ) . T h is  re qu irem en t i s  to  f u l f i l  the  
r o le  o f the  nervous system as a ra p id  com m unication 
system , to  in te g ra te  and c o n tro l the  fu n c t io n s  o f 
m u l t ic e l lu la r  o rgan ism s. Compounds w h ich  have an 
e s ta b lis h e d  r o le  as n e u ro tra n s m it te rs  in c lu d e  
a c e ty lc h o lin e  (ACh), n o ra d re n a lin e , 5 -h y d ro x y try p ta m in e  
(5 -H T ), ^  -am ino  b u ty r ic  a c id  (GABA), g lu ta m a te  and
g ly c in e .  These compounds a re  syn th e s ise d  i n  th e  nerve 
te rm in a l and have been shown to  be r a p id ly  degraded by 
enzymes a n d /o r  tra n s p o r te d  back in t o  the  p re s y n a p tic  nerve 
te rm in a l fo l lo w in g  re le a s e . A number o f monoamines and 
amino a c id s  have been :^own to  have n e u ro tra n s m it te r  ro le s  
th ro u g h o u t th e  an im al kingdom .
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I n  re c e n t ye a rs , mary p e p tid e s  have been is o la te d  and 
c h a ra c te r is e d  from  nerve t is s u e  th ro u g h o u t th e  anim al 
kingdom , and i n  p a r t ic u la r  from  mammals. These p e p tid e s  
a re  termed n e u ro p e p tid e s , A w e a lth  o f evidence i s  
a ccum u la tin g  w h ich  suggests th a t  these n eu ro p ep tid es  have 
n e u ro tra n s m it te r  r o le s .  N europeptides, in  c o n tra s t to  
monoamines and amino a c id s , a re  syn th e s ise d  in  th e  soma 
o n ly , and th e re  does n o t appear to  be a reu p ta ke  mechanism 
f o r  re le a se d  n eu ro p ep tid es  (H o k fe lt ,  Johansson, L ju n g d a h l, 
Lundberg and S ch u ltz b e rg , 1980).
Many compounds have been shown to  have m u lt ip le  
a c t io n s  on neurones, some a c tio n s  may be a s s o c ia te d  w ith  a 
n e u ro tra n s m it te r  r o le  w h ile  o th e r a c t io n s  appear to  be 
m o d u la to ry . Thus th e  c la s s i f ic a t io n  o f a substance as a 
n e u ro tra n s m it te r  o r neurom odula to r can be m is le a d in g , as 
many substances, p e p tid e s  o r  n o n -p e p tid e s , may have more 
than  one p h y s io lo g ic a l r o le .  In  t h is  c h a p te r, some o f the  
evidence  w h ich  has accum ulated re g a rd in g  th e  r o le  o f 
n e u ro p e p tid e s  as in te rn e u ro n a l messengers i s  p resen ted . 
S ince most o f th e  re s u lts  on neu ropep tides  has a r is e n  f r a n  
s tu d ie s  on v e r te b ra te  nervous systems, these  neu ropep tide  
system s w i l l  be d iscussed  f i r s t .
   ’
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1.2 NEUROPEPTIDES IN VERTEBRATES.
1 .2 .1  LOCALIZATION AND CHARACTERIZATION OF NEUROPEPTIDES.
B io lo g ic a l ly  a c t iv e  p e p tid e s  a re  amongst th e  most 
d i f f i c u l t  compounds to  id e n t i f y  and p u r i f y .  Some o f the  
m a jo r p r o b i ans a r is e  because o f th e  ve ry  s m a ll amount o f  
p e p tid e  t h a t  may be p re s e n t in  th e  t is s u e  o f o r ig in .  
N e ve rth e le ss , a la rg e  number o f  b io lo g ic a l ly  a c t iv e  
p e p tid e s  have been is o la te d  from  mammalian nervous t is s u e  
and su bse q ue n tly  c h a ra c te r iz e d  (Bloom, 1983; Iv e rs e n , 
1983a,b ). Some o f th e  p e p tid e s  shown to  be p re se n t in  
v e r te b ra te  neurones w h ich  a re  m entioned in  t h i s  c h a p te r 
a re ; a n t id iu r e t i c  hormone (ADH), c h o le c y s to k in in  (CCK), 
lu t e in iz in g  hormone re le a s in g  hormone (LHRH), th y r o t ro p in  
re le a s in g  hormone (TRH), v a s o a c tiv e  in t e s t in a l  p o ly p e p tid e  
(V IP ), d y n o rp h in , e n k e p h a lin , n e u ro te n s in , s o m a to s ta tin  
and substance P.
A n tib o d ie s  have been ra is e d  a g a in s t many o f these 
p e p tid e s , th u s  e n a b lin g  im m unohistochem ica l d e te c t io n  o f 
p e p t id e rg ic  neurones and p rocesses . These te ch n iq u e s  have 
y ie ld e d  in fo rm a t io n  on th e  d is t r ib u t io n  o f  v a r io u s  p e p tid e  
c o n ta in in g  neurones and nerve  te rm in a ls  th ro u g h o u t th e  
mammalian nervous system (H o k fe lt ,  Lundberg, S ch u ltz b e rg , 
Johansson, S k i r b o l l ,  Anggard, Fredholm , Hamberger, Pernow, 
R ehfe ld  and G o ld s te in , 1980). Care must be taken  in  th e
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in te r p r e ta t io n  o f  such d a ta , however, as an a n tise rum  
ra is e d  a g a in s t a p a r t i c u la r  p e p tid e  i s  u n l ik e ly  to  re a c t 
s p e c i f i c a l l y  w ith  th a t  p e p tid e . A p o s i t iv e  re a c t io n  to  an 
a n tise ru m  does n o t n e c e s s a r ily  r e f le c t  th e  presence o f a 
p a r t ic u la r  p e p tid e  w i t h in  a neu rona l system .
1 .2 .2  LIGAND BINDING STUDIES.
Many p e p tid e s  can be r a d io la b e lle d  w ith  is o to p e s , f o r
135example bo th  CCK and VIP  may be la b e l le d  w ith  I ,  and 
mary o th e rs  have been t r i t i a t e d .  Such ra d io la b e lle d  
lig a n d s  have been used to  lo c a te  s p e c i f ic  b in d in g  s i t e s  
f o r  the  lig a n d  i n  v a r io u s  t is s u e s .  S p e c if ic  b in d in g  s i t e s  
have been lo c a te d  f o r  many n e u ro p e p tid e s  i n  mammalian CNS 
( Iv e rs e n , 1983a). G e n e ra lly , th e  lo c a l i z a t io n  o f b in d in g  
s i t e s  f o r  a p a r t ic u la r  p e p tid e , c o in c id e  w ith  the  
d is t r ib u t io n  o f  nerve  p rocesses w h ich  a re  im m unoreactive  
f o r  th a t  p e p tid e .
Using a co m b ina tio n  o f  ra d io l ig a n d  b in d in g  and 
im m unohistochem ica l lo c a l iz a t io n  o f  e n k e p h a lin , th e  
d is t r ib u t io n s  o f  o p ia te  b in d in g  s i t e s  and e n ke p h a lin  
im m unoreactive  nerve te rm in a ls  have been fou n d  to  c o in c id e  
c lo s e ly ,  and to  in v o lv e  c e n t ra l nervous system  (CNS) a re as  
w h ich  a re  l in k e d  w ith  o p ia te  a c t io n s  (S nyder, 1980). One 
o f  the  most s t r ik in g  fe a tu re s  o f  t h i s  system  i s  th e  
e x is te n c e  o f m u lt ip le  o p io id  re c e p to rs  to g e th e r  w ith  many 
endogenous lig a n d s  f o r  these re c e p to rs  (L o rd , W a te r f ie ld ,
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Hughes and K o s t e r l i t z ,  1977; G o ld s te in  and James, 1984;
K o s te r l i t z ,  1985). M u lt ip le  re c e p to rs  have a ls o  been 
found  f o r  substance P, and th e  d i f fe r e n t  b in d in g  co ns ta n ts  
f o r  CCK re c e p to rs  in  b ra in  and pancreas suggest th e  J
e x is te n c e  o f m u lt ip le  re c e p to rs  f o r  CCK ( Iv e rs e n , 1983a).
A l t h o u ^  much in fo rm a tio n  has been ga ined  from  b in d in g  
s tu d ie s  on th e  r e la t iv e  s e le c t iv i t y  o f o p io id  lig a n d s  f o r  
th e  d i f fe r e n t  re c e p to r  typ e s , th e  irfi arma c o l o g ic a l a c t i v i t y  
o f  a l ig a n d  i s  dete rm ined  by the  r e la t iv e  numbers o f  each 
re c e p to r  type  p re sen t i n  a g iv e n  t is s u e ,  and a ls o  by th e  
e f f ic a c y  o f t l ie  l ig a n d  a t  each re c e p to r  ty p e . B in d in g  
s tu d ie s  m e re ly  r e f le c t  th e  a s s o c ia t io n  o f  th e  lig a n d  and 
i t s  b in d in g  s i t e ,  w hich i s  no t n e c e s s a r ily  the  
p h y s io lo g ic a l re c e p to r ,  and as such cannot d is t in g u is h  
between a g o n is ts  and a n ta g o n is ts .
1 .2 .3  RELEASE OF NEUROPEPTIDES.
S evera l neu ro p ep tid es  have been shown to  be re le a se d  
i n  a Ca dependent manner fo l lo w in g  d e p o la r iz a t io n .  Both 
Met- and L e u -e n k e p h a lin  a re  re le a se d  fro m  synaptosomes 
produced frcm  corpus s t r ia tu m . T h is  t is s u e  c o n ta in s  v e ry  
h ig h  endogenous le v e ls  o f  e n ke p ha lin . A sm a ll basa l 
re le a s e  o f e n k e p h a lin  o ccu rre d  f r a n  these  synaptosomes. 
T h is  basa l re le a s e  was g re a t ly  enhanced fo l lo w in g  h ig h  K 
o r  v e r a t r id in e  induced  d e p o la r iz a t io n  o f  th e  gynaptosomes 
(Henderson, Hughes and K o s te r l i t z ,  1978). D e p le t in g  th e
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c o n c e n tra t io n  o f  Ca m arked ly reduced t h i s  re le a s e , ühe 
e n ke p h a lin  was assayed u s in g  th e  mouse vas d e fe re n s  as a 
b ioassay system . The d e p o la r iz a t io n  evoked re le a s e  o f 
e n ke p h a lin  from  s l ic e s  o f  r a t  g lo bu s  p a l l id u s  has a ls o  
been shown to  be Ca dependent ( Iv e rs e n , Iv e rs e n , Bloom, 
Vargo and G u ille m in ,  197 8 ) .  A radioim m unoassay based on 
an a n tise ru m  ra is e d  a g a in s t L e u -e n k e p h a lin  was used to  
d e te c t  th e  re le a s e .
O the r p e p tid e s  w h ich  a re  re le a se d  i n  a Ca dependent 
manner frcxn v a r io u s  CNS p re p a ra t io n s  in c lu d e  so m a to s ta tin  
and n e u ro te n s in  ( Iv e rs e n , Iv e rs e n , Blocm, D ouglas, Brown 
and V a le , 197 8; Dodd and K e l ly ,  197 8 ) , substance P 
( Iv e rs e n , J e s s e l l  and Kanazawa, 1976; O tsuka and K o n is h i,  
1976), CCK and V IP  ( Iv e rs e n , Lee, G i lb e r t ,  H unt and Emson,
1980).
1 .2 .4  THE EFFECTS OF NEUROPEPTIDES ON VERTEBRATE NEURONES.
Many o f the  d isco ve re d  n e u ro p e p tid e s  have an a c t io n  
on bo th  c e n t ra l and p e r ip h e ra l neurones o f  v e r te b ra te s .  
Much o f the  in v e s t ig a t io n s  perfo rm ed on th e  a c t io n s  o f 
n e u ro p e p tid e s  i n  v e r te b ra te s  have been made on mammalian 
CNS u s in g  e x t r a c e l lu la r  re c o rd in g  te ch n iq u e s  (Renaud and 
Pad jen, 197 8 ) .  These te ch n iq u e s , w h ile  p ro v id in g  v a lu a b le  
in fo rm a t io n  abou t th e  e f f e c t  o f a substance on a neurona l 
system , o f f e r  l i t t l e  in s ig h t  in t o  th e  c e l lu la r  mechanism 
o f  a c t io n .  The optimum p re p a ra t io n  to  s tu d y  neurona l
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a c t io n s  i s  one where th e  a f fe c te d  neurones can be
p e n e tra te d  w ith  an i n t r a c e l l u l a r  m ic ro e le c tro d e , and where 
th e  re c e p to rs  m e d ia tin g  th e  response a re  s itu a te d  c lo s e  to  
th e  re c o rd in g  s i t e .  The examples o f  n e u ro p e p tid e  a c tio n s  
d e sc rib e d  h e re  w i l l  be l im i t e d  to  those  cases where 
in t r a c e l l u l a r  re c o rd in g  methods were employed.
A p p lic a t io n  o f  LHRH o n to  type  B and C sym p a th e tic  
g a n g lio n  neurones o f th e  b u l l f r o g  produces a slow
d e p o la r iz a t io n  w h ich  i s  accompanied by a decrease in  
conductance. Analogues o f  LHRH a ls o  produce th is  
response . A v o lta g e  clamp in v e s t ig a t io n  o f  t h i s  response 
re v e a le d  a t im e  and v o lta g e  dependent K c u r re n t  ( th e
M -c u rre n t)  w h ich  i s  suppressed by LHRH and a ls o  m u s c a rin ic  
a g o n is ts  (Adams and Brown, 1980). A t membrane p o te n t ia ls  
more n e g a tiv e  th a n  -60  mV, th e  response to  LHRH, observed 
as an inw a rd  c u r re n t,  was ve ry  s m a ll, however, a t  
d e p o la r iz e d  h o ld in g  p o te n t ia ls ,  th e  response was m arked ly 
in c re a s e d . The p ro p e r t ie s  o f  th e  M -c u rre n t have been 
ana lysed  in  d e t a i l  (Adams, Brown and C o n s ta n ti,  1982) and 
can accoun t f o r  th e  v o lta g e  dependency o f  th e  LHRH
response . The m o d u la tio n  o f  t h is  c u r re n t  i s  proposed to  
be a mechanism f o r  in c re a s in g  th e  e x c i t a b i l i t y  o f  b u l l f r o g  
g a n g lio n  c e l ls  by f a c i l i t a t i n g  e x c ita to r y  p o s ts y n a p tic  
p o te n t ia ls  (EPSP) (Brown, 1983). In  a d d it io n  to  an 
i n h ib i t i o n  o f  th e  M -c u rre n t, LHRH has a n o th e r d e p o la r iz in g  
a c t io n  i n  b u l l f r o g  g a n g lio n  neurones. I h is  response 
r e s u l t s  frcxn an in c re a se  in  conductance m a in ly  to  Na^
i
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io n s . O c c a s io n a lly , b o th  types  o f  d e p o la r iz in g  responses 
to  LHRH were observed i n  th e  same neurone (Katayama and 
N is h i,  1982).
The M -c u rre n t i s  a ls o  reduced in  a s im i la r  manner by 
substance P (Adams, Brown and Jones, 1983). The responses 
induced  by LHRH and • substance P do n o t occu r th rough  
a c t iv a t io n  o f  th e  same re c e p to r .  U n lik e  the  LHRH 
response, th e  substance P induced d e p o la r iz a t io n  in  these  
neurones i s  d e s e n s it iz e d  by repeated  a p p l ic a t io n ,  and no 
in te r a c t io n  i s  observed between th e  two p e p tid e s  (Jan and 
Jan, 1982). Thus a number o f a g o n is ts  a re  capab le  o f 
in f lu e n c in g  th e  M -c u rre n t in  b u l l f r o g  sym p a th e tic  g a n g lio n  
neurones.
Substance P d e p o la r iz e s  o th e r  neurones i n  a d d it io n  to  
sym p a th e tic  g a n g lio n  c e l ls .  A p p lic a t io n  o f  substance P to  
f ro g  s p in a l m otoneurones induces a slow d e p o la r iz a t io n  
w h ich  i s  accompanied by an in c re a s e  i n  conductance 
( N ic o l l ,  197 8 ) . T h is  response, w hich was a ls o  induced  by 
TRH, p e rs is te d  in  th e  presence o f t e t r o d o to x in .  T h is  
in d ic a te s  th a t  substance P and TRH a c t d i r e c t l y  on th e  
reco rded  neurone. Io n o p h o re tic  a p p lic a t io n  o f  substance P 
d e p o la r iz e s  c u ltu re d  mouse s p in a l neurones (V in c e n t and 
B a rke r, 1979). The d e p o la r iz a t io n  i s  b r ie f ,  th e  decay 
tim e  b e in g  around 100 ms. S usta ined  a p p l ic a t io n  le a d s  to  
des e n s i t iz a t io n  w h ich  re co ve rs  r a p id ly .  The response was 
accompanied by an in c re a s e  in  conductance, and appeared to
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re ve rse  d o s e  to  th e  peak o f  the  a c t io n  p o te n t ia l  
o ve rsh o o t. Rat s p in a l d o rs a l ho rn  neurones a re  a ls o  
d e p o la r iz e d  by substance  P, t h i s  e f f e c t  p ro b a b ly  a r is in g  
from  an in c re a s e  i n  Na conductance (gNa) a n d /o r  Ca 
conductance (gCa) (Murase and Randic, 1984). In  these 
neurones, substance  F was found  to  in f lu e n c e  th e  Ca sp ik e , 
a ltho u gh  t h is  e f f e c t  was r a th e r  u n p re d ic ta b le . The most 
c o n s is te n t  e f f e c t  on th e  Ca sp ike  was a dose dependent 
decrease in  d u ra t io n ,  however, the  e f f e c t  appeared to  
r e ly ,  in  an u n s p e c if ie d  manner, on the  membrane p o te n t ia l  
p r io r  to  sp ike  i n i t i a t i o n  (Murase and R andic, 1964).
The d e p o la r iz a t io n  e l i c i t e d  by substance P in  
neurones o f  th e  m y e n te r ic  p le xus  o f  the  g u in e a -p ig  ile u m  
d i f f e r s  f ra n  th a t  in  th e  s p in a l cord  because i t  r e s u l t s  
from  a decrease in  conductance (Katayama, N o rth  and 
W illia m s , 19?9). The response was about 1000 tim e s  s lo w e r 
tha n  th e  ACh induced d e p o la r iz a t io n  in  th e  same neurones. 
I t  was decreased w ith  h y p e rp o la r iz a t io n  and was s e n s i t iv e  
to  e x te rn a l K c o n c e n tra t io n .  The a u th o rs  concluded th a t  
th e  response was a decrease in  a K conductance (g K ). In  a 
la t e r  s tud y  o n ' g u in e a -p ig  i n f e r i o r  m y e n te ric  g a n g lio n  
neurones, th e  d e p o la r iz a t io n  induced  by substance P was 
found to  c o n s is t  o f  two components: a decrease in  gK, as
d esc rib e d  above, and an in c re a s e  in  gNa (Dun and M ineta ,
1981). These c h a r a c te r is t ic s  a re  s im i la r  to  those  o f the  
n o n -c h o lin e rg ic  p o te n t ia l  reco rded  in  m y e n te ric  neurones.
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In  a v o lta g e  clamp s tu d y  o f r a t  lo c u s  coe ru le u s  
neurones. N o rth  and W ill ia m s  (1985) d e s c r ib e d  an o p io id  
induced  h y p e rp o la r iz a t io n .  T h is  h y p e rp o la r iz a t io n  a r is e s  
f  rcxn a c t iv a t io n  o f  ^ - r e c e p to rs ,  which produced an 
in c re a s e  in  gK. T h is  K c u r re n t ,  induced by jj - re c e p to r  
a g o n is ts ,  was v i r t u a l l y  b locked  by q u in in e , and reduced by 
te trae thy lam m on ium  (TEA) and Ba^* io n s  (N o rth  and 
W ill ia m s , 1985).
A no the r fe a tu re  o f o p io id  p e p tid e s  i s  t h e i r  a b i l i t y  
to  reduce the  Ca c u r re n t  o f  sensory neurones. Dunlap and 
F ischbach (1981) re p o r te d  t h a t  th e  Ca c u r re n t,  which is  
a c t iv a te d  by d e p o la r iz a t io n  in  c h ic k  sensory neurones, i s  
decreased by ^ -a m in o  b u ty r ic  a c id  (GABA),
5 -h y d ro x y try p ta m in e  (5 -H T ), n o ra d re n a lin e , e n ke p h a lin  and 
s o m a to s ta tin . T h is  e f f e c t  i s  b e lie v e d  to  be th e  mechanism 
by w h ich  e n ke p h a lin  in h ib i t s  th e  re le a s e  o f substance P 
from  these  neurones (Mudge, Leeman and F ischbach , 1979).
The som atic  a c t io n  p o te n t ia l  o f  mouse d o rs a l ro o t  
g a n g lio n  neurones i s  a f fe c te d  by e n k e p h a lin  in  a s im i la r  
way to  th a t  o f  c h ic k  sensory neurones. E nkepha lin  
decreases th e  Ca component o f the  a c t io n  p o te n t ia l  by 
in te r a c t in g  w ith  e i t h e r  y -  o r  S - r e c e p to rs  (Werz and 
Macdonald, 1982; 1983). Using th e  a g o n is ts  m o rp h ic e p tin
and le u -e n k e p h a lin  and th e  a n ta g o n is t  na loxone, these  
a u th o rs  concluded t h a t  th e re  i s  a* v a r ia b le  re c e p to r
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d is t r ib u t io n  amongst d o rs a l ro o t  g a n g lio n  neurones. Some 
neurones e xp re ss  - r e c e p to rs ,  o th e rs  exp ress
^  - re c e p to rs ,  w h ile  some neurones have b o th  typ e s  o f  
re c e p to rs  on t h e i r  somata. R ecen tly  th e  endogenous o p io id  
p e p tid e  d yno rp h in  has been shown to  decrease gCa in  these  
neurones (Werz and Macdonald, 1984). >
I n t r a c e l lu la r  re c o rd in g s  o f  th e  a c t io n s  o f  s e v e ra l 
o th e r  p e p tid e s  have been accom plished , f o r  example 
s o m a to s ta tin  and ADH. S om a to s ta tin  d e p o la r iz e s  CA1 and 
CA2 c e l l  b od ie s  in  th e  hippocampus. T h is  e x c i ta t io n  i s  
s im i la r  to  th a t  observed w ith  g lu ta m a te , however, no 
change in  membrane conductance was d e te c te d  d u r in g  th e  
a c t io n  o f  s o m a to s ta tin  (Dodd and K e l ly ,  19?8). The 
d e p o la r iz a t io n  o f  neurones in  th e  s u p ra o p tic  n uc leu s  o f  
th e  hypothalam us by ADH is  indep e nd e n t o f th e  
e x t r a c e l lu la r  c o n c e n tra t io n s  o f  K^, C l"  and Ca^^ io n s ,  
a lth o u g h  d e p le t in g  th e  Na"*" io n  c o n c e n tra t io n  reduced th e  
response s l i g h t l y .  The d e p o la r iz a t io n  i s  b locked  by 
ouaba in , and i s  b e lie v e d  to  in v o lv e  a second messenger, 
p o s s ib ly  cAMP (Abe, Inone , Matsuo and Ogata, 1983).
The a c t io n  o f CCK on p a n c re a tic  a c in a r  c e l ls ,  a lb e i t  
n o t on neurones, has been in v e s t ig a te d  u s in g  pa tch  clamp 
te ch n iq u e s  (Maruyama and P e te rsen , 1982). A p p lic a t io n  o f 
CCK to  an a c in a r  c e l l  induced s in g le  channel c u r re n ts  (a s  
re co rd ed  w ith  a c e l l- a t ta c h e d  p a tch ) w h ich  w ere  inw ard  a t  
r e s t in g  membrane p o te n t ia ls .  These CCK a c t iv a te d  channe ls
\i:|
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were s e le c t iv e  f o r  c a t io n s ,  and th e  s in g le  channel c u r re n t
re ve rse d  a t  around -5  mV. CCK, and a ls o  ACh, a c t iv a te d
these channe ls  v ia  a second messenger, w h ich  was shown to  
2+be Ca io n s .
1 .2 .5  PEPTIDES AS INTERNEURONAL MESSENGERS IN VERTEBRATES.
Most o f th e  above m entioned p e p tid e s  a re  s tro n g  
ca n d id a te s  f o r  t r a n s m it te r s  in  th e  mammalian CNS. Snyder 
(1980) rega rded  t r a n s m it te r  ca n d id a te s  as those  p e p tid e s  
which a re  lo c a te d  in  s p e c i f ic  neu rona l system s, re le a se d  
on d e p o la r iz a t io n ,  and w h ich  change neu rona l a c t i v i t y .  As 
new n e u ro p e p tid e s  a re  b e ing  d is c o v e re d , many o f  them 
f u l f i l  most o f the  c r i t e r i a  f o r  c la s s i f i c a t io n  as 
t r a n s m it te r  substances. Thus s y n a p tic  com m unication  in  
v e r te b ra te s  i s  l i k e l y  to  in v o lv e  maiy more t r a n s m it te r  
compounds tha n  was o r ig in a l l y  th o u g h t.
There i s  much evidence p resen ted  by O tsuka, K o n is h i,  
Yanagisawa, Tsunoo and A kag i (1982) and Otsuka and K o n is h i 
( 1983) w h ich  s u p p o rts  a sensory t r a n s m it te r  r o le  f o r  
substance P. There i s  a h ig h  c o n c e n tra t io n  o f  substance P 
i n  th e  d o rs a l ho rn  w h ich  appears to  be c o n fin e d  to  s m a ll 
d ia m e te r C - f ib re s .  Substance P c o n ta in in g  ne rve  te rm in a ls  
have been d e te c te d  im m unocytochem ica lly  in  th e  s u b s ta n t ia  
g e la t in o s a . S t im u la t in g  th e  d o rs a l ro o ts  causes a Ca 
dependent re le a s e  o f substance P, w h ile  s e c t io n in g  th e  
d o rs a l ro o ts  le a d s  to  a re d u c t io n  o f  th e  d o rs a l ho rn
.f . . J..
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c o n te n t o f substance P. The evidence p resen ted  above by 
these a u th o rs , to g e th e r  w ith  th e  d e p o la r iz in g  a c t io n  o f 
substance P on s p in a l neurones (see s e c t io n  1 .2 .4 )  i s  
c o n s is te n t w ith  a n e u ro tra n s m it te r  r o le  f o r  substance P in  
th e  s p in a l co rd .
Many o th e r n e u ro p e p tid e s  have been proposed as 
t r a n s m it te r  compounds. A n e u ro tra n s m it te r  r o le  was 
suggested f o r  e nke p ha lin s  by Hughes, K o s te r l i t z  and Sm ith  
in  1977. The a c t io n s  o f  s o m a to s ta tin , CCK and V IP , a l l  o f  
w hich induce a pronounced e x c i ta t io n  o f  CA1 and CA2 
neurones in  th e  hippocampus (Dodd and K e l ly ,  197 8; Snyder, 
1980), a re  c o n s is te n t  w ith  a t r a n s m it te r  r o le  f o r  these 
th re e  p e p tid e s . f a c t  CCK, which i s  th e  most abundant 
b ra in  p e p tid e  in  mammals, has been proposed to  be an 
im p o r ta n t e x c ita to r y  t r a n s m it te r  i n  mammalian c e re b ra l 
c o rte x  and hippocampus ( Iv e rs e n , Lee, G i lb e r t ,  Hunt and 
Emson, 1980).
1 .2 .6  DOES PEPTIDERGIC TRANSMISSION OCCUR IN BULLFROG 
SYMPATHETIC GANGLIA?
There a re  te c h n ic a l d isadvan tages  a s s o c ia te d  w ith  th e  
s tudy o f :^ n a p t ic  tra n s m is s io n  in  th e  mammalian CNS 
because th e  la rg e  number o f  sm a ll neurones re n d e r 
in t r a c e l l u la r  re c o rd in g  o f  s y n a p tic  e ven ts  d i f f i c u l t .  Ih e  
b u l l f r o g  sym pa the tic  g a n g lio n , however, i s  an id e a l 
p re p a ra t io n  f o r  th e  s tudy  o f  s y n a p tic  mechanisms because
-  I t  -  4
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th e  re c o rd in g  o f  p o s ts y n a p tic  p o te n t ia ls  fo l lo w in g  
p re g a n g lio n ic  ne rve  s t im u la t io n  i s  p o s s ib le .  F o llo w in g  
p re g a n g lio n ic  s t im u la t io n ,  a fo u r  component response i s  
observed -  a f a s t  e x c ita to r y  p o s t^ rn a p t ic  p o te n t ia l  
(EPSP), a slew in h ib i t o r y  p o s ts y n a p tic  p o te n t ia l  ( IP S P ), a 
slew EPSP and a la t e  slow  EPSP. The f i r s t  th re e  
components a re  b lo cke d  by a m ix tu re  o f  n ic o t in ic  and 
m u s c a r in ic  a n ta g o n is ts  (Jan, Jan and K u f f le r ,  1979)» 
le a v in g  th e  la t e  slow  EPSP u n a ffe c te d . T h is  la t e  slow 
EPSP i s  m im icked by th e  a p p l ic a t io n  o f  LHRH (Adams and 
Brown, 1980; Jan , Jan and K u f f le r ,  197 9; Jan and Jan,
1982). There i s  s u b s ta n t ia l evidence im p ly in g  t h a t  an 
LH R H -like  p e p tid e  i s  th e  t r a n s m it te r  m e d ia tin g  th e  la t e  
slow  EPSP in  b u l l f r o g  sym p a th e tic  g a n g lia  (Jan  and Jan,
1983). Using a radioim m unoassay f o r  LHRH, an LH R H -like  
p e p tid e  has been lo c a l is e d  w i th in  ^ n a p t i c  bou tons 
e n c i r c l in g  b u l l f r o g  sym p a th e tic  g a n g lio n  somata (Jan , Jan 
and B ro w n fie ld ,  1980). S t im u la t io n  o f  p re g a n g lio n ic  
n e rves  r e s u l t s  i n  a Ca dependent re le a s e  o f t h is  p e p t id e .
F u rthe rm ore , b o th  th e  nerve evoked and th e  LHRH evoked 
la t e  slow  EPSP have th e  same p h y s io lo g ic a l and 
p h a rm a c o lo g ic a l p ro p e r t ie s  (Jan and Jan, 1982). The 
r e s u l t s  m entioned  above a re  c o n s is te n t  w ith  an LH R H -like 1
p e p tid e  be ing  th e  t r a n s m it te r  m e d ia tin g  th e  la t e  slow EPSP |
i n  b u l l f r o g  s y m p a th e tic  g a n g lia .
']T,%y
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S y n a p t ic a l ly  re le a se d  LH R H -like p e p tid e  i s  capable o f 
a c t in g  a t  a d is ta n c e  in  th e  sym pa the tic  g a n g lio n  o f the  
b u l l f r o g  (Jan and Jan, 1983). I f  o th e r  t r a n s m it te r  
substances a re  capab le  o f a c tin g  a t  a d is ta n c e , then  a way 
o f  lo c a l iz in g  t h e i r  a c t io n  would be to  have a 
to p o g ra p h ic a l d is t r ib u t io n  o f  re c e p to r  s i t e s  on neurones 
i n  th e  v i c i n i t y  o f the  p re s y n a p tic  re le a s e  s i t e .  
T h e re fo re , a t r a n s m it te r  would o n ly  in f lu e n c e  those a reas 
where re c e p to rs  f o r  th a t  p a r t ic u la r  t r a n s m it te r  were 
p re s e n t (Jan and Jan, 1983). Thus in te g r a t iv e  
neurocom m unication  based on t h is  h y p o th e s is  would 
n e c e s s ita te  th e  e x is te n c e  o f many t r a n s m it te r  compounds, 
and a m u lt itu d e  o f re c e p to rs , in  o rd e r  to  a vo id  
n o n -s p e c if ic  e f fe c ts  o f  a re leased  t r a n s m it te r .
' • i..
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1.3 NEUROPEPTIDES 3N INVERTEBRATES.
1 .3 .1  ISO, AT ION AND LOCALIZATION OF INVERTEBRATE PEPTIDES.
The id e n t i f i c a t io n  and sequencing o f  in v e r te b ra te  
p e p tid e s  i s  made d i f f i c u l t  by the  an a l l  amount o f  p e p tid e  
p resen t i n  in v e r te b ra te  nervous system s, and a ls o  th e  
p o s s ib i l i t y  th a t  a p e p tid e  may o n ly  be p re se n t i n  a few 
id e n t i f ie d  neurones. P a ra d o x ic a lly ,  one o f  th e  f i r s t  
p e p tid e s  to  be sequenced was e le d o is in ,  a substance P - l ik e  
p e p tid e , is o la te d  from  th e  s a l iv a ry  g la nd s  o f  th e  octopod 
ElsdfiJîê (Erspam er and A n a s ta s i,  1962). The presence o f 
b io lo g ic a l ly  a c t iv e  n e u ro p e p tid e s  has o f te n  been in d ic a te d  
by an a c t io n  o f  p e p tid e  c o n ta in in g  g a n g lio n  e x t r a c ts  on 
neurones o r  m uscles (Brown and S ta r r a t t ,  1975; I f s h in ,  
G a iner and B a rk e r , 1975; L e v ita n  and T re is tm a n , 1977; 
L lo y d , 1978 ). W ith  th e  advancement o f  i s o la t io n  and 
p u r i f i c a t io n  te c h n iq u e s , such as h ig h  perfo rm ance l i q u id  
chrom atography, some 17 n a t iv e  in v e r te b ra te  p e p tid e s  have 
now been is o la te d  and c h a ra c te r iz e d , m a in ly  from  
a rth ro p o d s  and m o llu s c s . These p e p tid e s , to g e th e r  w ith  
th e  an im a ls  fro m  w h ich  th e y  were is o la te d ,  a re  l i s t e d  i n  
Tab le  1 :1 .  The a r th ro p o d  n eu ropep tide  p r o c to l in  (Brown 
and S t a r r a t t ,  1975), th e  egg la y in g  hormones o f  A p lx s is  
(C h iu , H u n k a p illa r ,  H e l le r ,  S tu a r t ,  Hood and S trim w a sse r, 
1979; H e l le r ,  Kaczmarck, Hunka p i l l a r .  Hood and
S trunw asser, 1980; Rothman, M ayeri, Brown, Yuan and
1 :
T ab le  1 :1 .  A l i s t  o f  n e u ro p e p tid e s  d is c o v e re d  frcxn
in v e r te b ra te s .  T h is  l i s t  has been o b ta in e d  from  two
re v ie w s  o f  G reenberg and P ric e  (1983) and 0 * Shea and 
S c h a ffe r  (1 9 8 5 ).
PEPTIDE
P r o c to l in
Red pigm ent c o n c e n tra t in g  hormone
D is ta l  r e t in a l  p igm ent hormone
Paragon ia l  p e p tid e
FMRFamide
pQDPFLRFamide
Sm all c a rd io e x c ita to r y  p e p tid e  
E g g -la y in g  hormone 
E g g -re le a s in g  hormone 
cK-bag c e l l  p e p tid e  
-bag  c e l l  p e p tid e  
P ep tide  A 
P ep tide  B 
R3 -  R14 pep tid e  
E le d o is in
Hydra head a c t iv a to r
ANIMAL
PoriPlaneta americana 
Pandaluis 
borealus 
..P.an<3al.ug.borealus
Drosophila
f.une,brl.9 
Maorocallista 
Dimbosa. 
Helix 
agp.er.aa 
Aply.gia
brasiliana
Aply.sia  californica
Aply.sia 
californica
Aply.sia 
.Qa^lforjiioa 
Aplysia 
pal.ifor.nica 
Aplysia 
' oalifp rnioa
Aplysia  
calif or nica
Aplysia 
c a lifcrnica 
E iedp nemoschata
Anthcpleura 
elegantissima
■-1
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S h iv e ly ,  1983) and th e  m o llu sca n  n eu ro p e p tid e  FMRFamide 
(P r ic e  and G reenberg, 1977) a re  amongst th e  m ost s tu d ie d  
in v e r te b ra te  n e u ro p e p tid e s .
The d is c o v e ry  o f n e u ro p e p tid e s  in  mammalian CNS 
prom pted a search f o r  these  n e u ro p e p tid e s  in  in v e r te b ra te  
nervous system s. Iram unoreactive s ta in in g  o f  in v e r te b ra te  
neurones has been observed u s in g  a n t is e ra  ra is e d  a g a in s t ft
many p e p tid e s  in c lu d in g  substance P, s o m a to s ta tin , TRH and 
o p io id  p e p tid e s  (Haynes, 1980).
1 .3 .1 .1  ISOLATION AND CHARACTERIZATION OF FMRFamide.
E x tra c ts  o f  m o lluscan  g a n g lia  a re  w e l l  known to  
c o n ta in  p e p tid e  fa c to r s  w h ich  a re  c a rd io a c t iv e  (Agarw al 
and G reenberg, 1969), and w h ich  may a l t e r  neu rona l 
a c t i v i t y  ( I f s h in .  G a ine r and B a rke r, 1975). T h is  a c t i v i t y  
i s  m ost pronounced in  a ch rom a tog raph ic  f r a c t io n  termed 
'peak C  ( F r o n t a l i ,  W illia m s  and Welsh, 1967), w hich is  
found  in  a lm o s t a l l  m o lluscan  sp ec ies  w h ich  have been 
s tu d ie d  (G reenberg and P r ic e ,  1979). Using a p a r a l le l  
b ioassay  w ith  th e  Busycon ra d u la  p r o t r a c to r  m uscle and the  
h e a r t  o f  th e  clam M e rce n a ria  m e rcenaria , peak C was 
is o la te d  frcxn g a n g lia  o f the  clam M a c ro c a ll is ta  nimbosa. 
and p u r i f ie d  u s in g  a co m b in a tio n  o f  s o lv e n t e x tra c t io n s ,  
g e l - f i l t r a t i o n  and ion -exchange  chrom atography (P r ic e  and 
G reenberg, 1977). The s t ru c tu re  o f peak C was dete rm ined  
as an am idated te t ra p e p t id e ,  Phe-M et-Arg-Phe-NH„
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(FMRFamide), by amino a c id  a n a ly s is  and th e  com parison o f 
th e  e f f e c t  o f  th e  p u r i f ie d  p e p tid e  w ith  th e  sequenced 
p e p tid e  on th e  b ioassay  system s (P r ic e  and Greenberg, 
19T7). The a b b re v ia t io n ,  FMRFamide, i s  d e r iv e d  from  th e  
s in g le  l e t t e r  nom encla ture  f o r  amino a c id s  (IÜPAC-IÜB, 
1972; see a ls o  a b b re v ia t io n s ) .  S in g le  l e t t e r  
a b b re v ia t io n s  w i l l  be used f re q u e n t ly  th ro u g h o u t t h is  
th e s is .
1 .3 .1 .2  DISTRIBUTION OF FMRFamide WITHIN THE ANIMAL 
KINGDOM.
As has a lre a d y  been m entioned, ch rom a tog raph ic  peak C 
i s  found  in  most m o llu s c s . However, a lth o u g h  th e  
e x tra c te d  f r a c t io n  may have FM RFam ide-like b io lo g ic a l 
a c t i v i t y ,  th e  m o lecu le  i t s e l f  may n o t be FMRFamide b u t a 
c lo s e ly  re la te d  s t r u c tu r e .  Using a n t is e ra  ra is e d  a g a in s t 
FMRFamide, im m unoreactive  FMRFamide has been found  i n  many 
v e r te b ra te  and in v e r te b ra te  p hy la  (B oer, S cho t, V eenstra  
and R e ic h e lt ,  1980; D ockray, V a i l la n t  and W ill ia m s , 1981; 
S chot and Boer, 1982). The id e n t i t y  o f a p e p tid e  cannot 
be based s o le ly  on im m unocytochem ical ev idence  as i s  
dem onstra ted by th e  s p e c i f i c i t y  cu rves  f o r  th e  a n t is e ra  
ra is e d  a g a in s t FMRFamide by Weber, Evans, Samuelson and 
B archas (1 9 8 1 ). These a u th o rs  dem onstra ted  a nove l 
p e p tid e  system in  th e  r a t  CNS w h ich  was d e te c te d  u s in g  
a n t ib o d ie s  to  FMRFamide. A lthough  th e  a n t ib o d ie s  were 
ra is e d  a g a in s t FMRFamide, they showed t h a t  th e  sequence
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-RFamide was th e  minimum re c o g n it io n  re q u ire m e n t f o r  th e  
radioim m unoassay.
A number o f  p e p tid e s  th ro u g h o u t th e  an im al kingdom 
may be re la te d  to  FMRFamide. Chicken b ra in  c o n ta in s  a 
la rg e  amount o f  FMRFamide im m unoreactive  p e p tid e . 
P u r i f ic a t io n  and c h a r a c te r iz a t io n  o f  t h i s  p e p tid e  was 
perfo rm ed by D ockray, Reeve J r . ,  S h iv e ly ,  Ga y ton  and 
B arnard  (1 9 8 3 ). The s t ru c tu re  was deduced as
Leu-P ro-Leu-A rg-P he-N H g (LPLRFamide), R e ce n tly  Dockray 
(1985) has c h a ra c te r iz e d  FMRFamide-like im m u n o re a c tiv ity  
in  th e  r a t  s p in a l co rd  u s in g  th re e  a n t is e ra  in  a s s o c ia t io n  
w ith  HPLC p u r i f i c a t io n  te ch n iq u e s . Two o f th e  a n t is e ra  
were ra is e d  a g a in s t  FMRFamide, and th e  t h i r d  was ra is e d  
a g a in s t lÿ r-G ly -G ly -P h e -M e t-A rg -P h e -N H ^  (YGGFMRFamide). 
None o f  th e  m a jo r e x tra c ts  co rrespond  to  FMRFamide, 
YGGFMRFamide o r  LPLRFamide. A p o s s ib le  sequence i s  
-M (o r DRFamide w ith  an N -te rm in a l e x te n s io n . A p p lic a t io n  
o f  FMRFamide to  mammalian neurones has been shown to  
produce e x c ita to r y  and in h ib i t o r y  responses (G ayton, 1982; 
McCarthy and C o t t r e l l ,  1984), and LPLRFamide has s im i la r
a c t io n s  as FMRFamide in  th e  r a t  (D ockray , Reeve J r . ,  
S h iv e ly ,  Gayton and B arna rd , 1983). These r e s u l t s  
dem onstra te  t h a t  c e r ta in  mammalian and o th e r  v e r te b ra te  
neurones c o n ta in  FM RFam ide-like p e p tid e s , , and t h a t  some 
v e r te b ra te  neurones have th e  c a p a c ity  to  re co g n ize  and 
respond to  FMRFamide and re la te d  p e p tid e s .
■J
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1 .3 .1 .3  FMRFamide PEPTIDES IN HELIX.
C o t t r e l l ,  P r ic e  and G reenberg (1981) dem onstra ted  th e  
presence o f FM RFam ide-like b io lo g ic a l  a c t i v i t y  in  e x tra c ts  
o f  H e lix  g a n g lia .  When th e  H e lix  p e p tid e  was 
co-chrom atographed w ith  FMRFamide, th e  peaks c o n ta in in g  
b io lo g ic a l  a c t i v i t y  e lu te d  a t  d i f f e r e n t  t im e s . 
F u rthe rm ore , th e  p u r i f ie d  p e p tid e  e x t r a c t  has 600 tim e s  
more c a rd io e x c ita to r y  a c t i v i t y  than  FMRFamide, as 
c a lc u la te d  u s in g  H e lix  h e a r t  and Busvcon ra d u la  p ro t r a c to r  
m uscle as a p a r a l le l  b ioassay ( C o t t r e l l ,  P ric e  and 
G reenberg, 1981). T h is  suggested th a t  th e  FM RFam ide-like 
p e p tid e  o f  H e lix  was n o t FMRFamide.
In  a la t e r  s tudy  in v o lv in g  th e  poo led e x t r a c ts  from  
800 g a n g lia ,  s e v e ra l peaks o f  im m u n o re a c tiv ity  were 
d e te c te d  (P r ic e ,  C o t t r e l l ,  D ob le, G reenberg, Jorenby, 
Lehman and Riehm, 1985). In  c o n tra s t  to  p re v io u s  re p o r ts ,  
FMRFamide i t s e l f  was fo u n d . The most abundant p e p tid e , 
and th e  f i r s t  analogue o f FMRFamide to  be e x tra c te d  from  
m o llu s c s , has th e  s t r u c tu r e  pG lu -A sp -P ro -P he-Leu - 
Arg-Phe-NHg (pQDPFLRFamide). O ther FMRFamide re la te d  
p e p tid e s  a re  p re s e n t in  H e lix  and a ls o  in  th e  g a n g lia  o f  
o th e r  s n a i ls .  P u r i f ie d  FMRFamide p e p tid e s  from  Lvmnaea 
a re  FLRFamide, GDPFLRFamide and BDPFLRFamide (D .A . P r ic e , 
p e rso n a l com m un ica tion ). I t  i s  b e lie v e d  t h a t  one o r bo th  
o f  the  l a t t e r  two a re  p re s e n t in  H e l ix . I n t e r e s t in g ly ,
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th e  FMRFamide p e p tid e  o f the  re la te d  m o llu s c , A o lv s ia . i s  
FMRFamide (Lehman, P r ic e  and Greenberg, 198 4 ).
FMRFamide p e p tid e s  have a ls o  been d e te c ted  
im m unocy tochem ica lly  in  H e l ix . An id e n t i f i e d  neurone, th e  
C3 neurone i n  th e  c e re b ra l g a n g lio n  shows p o s i t iv e  
im m unoreac tive  s ta in in g  when exposed to  a n t is e r a  ra is e d
a g a in s t  FMRFamide ( C o t t r e l l ,  Schot and D ockray, 1983). 
The p rocesses o f  t h is  c e l l  were v is u a l iz e d  fo l lo w in g
in t r a c e l l u l a r  in je c t io n  o f  L u c i fe r  Y e llo w . Axonal
b ranches o f  th e  C3 neurone were fo llo w e d  in t o  th e  te n ta c le
r e t r a c to r  m usc le , where many anti-FMRFamide re a c t iv e
n e u ro n a l p rocesses a re  embedded w i t h in  th e  m uscle  f ib r e s .  
I t  i s  u n c e r ta in  w h e th e r these  p e p t id e rg ic  f i b r e s  in  th e  
m uscle  o r ig in a te  from  th e  C3 neu rone . E le c t r ic a l
s t im u la t io n  o f  th e  C3 neurone causes th e  te n ta c le  
r e t r a c to r  m uscle  to  c o n t ra c t .  T h is  system  appears to  be 
v e ry  s im i la r  to  th e  p r o c to l in e r g ic  system d e s c r ib e d  in  
P e r ip la n e ta  by O'Shea and B ishop  (1982) (see s e c tio n  
1 .3 .5 ) .
1 .3 .2  RELEASE OF NEUROPEPTIDES IN INVERTEBRATES.
In v e s t ig a t io n s  o f  th e  re le a se  o f n e u ro p e p tid e s  from  
in v e r te b ra te  neurones i s  made d i f f i c u l t  because o f th e  
v e ry  s m a ll amount t h a t  i s  re le a s e d . The re le a s e  o f
p r o c to l in  from  an id e n t i f ie d  neurone in  P e r ip la n e ta  has 
been dem onstra ted  by Adams and O'Shea, (1 9 8 3 ). The
. a
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re le a s e  co u ld  be induced  by s t im u la t in g  th e  Ds neurone, o r  
by d e p o la r iz in g  nerve te rm in a ls  o f th e  Ds neurone w ith  a J
h ig h  K s o lu t io n .  The Ds neurone in n e rv a te s  th e  co xa l 
d e p re sso r m uscle o f P e r ip la n e ta . The re le a s e  o f  p r o c to l in  
from  a nerve m uscle p re p a ra t io n  was d e te c te d  by com paring 
HPLC f r a c t io n s  o f  th e  re le a s e d  p e p tid e  w ith  th a t  o f  t
s y n th e t ic  p r o c to l in .  The re le a se d  p e p tid e  c o -e lu te d  
e x a c t ly  w ith  t r i t i a t e d  s y n th e t ic  p r o c to l in .  T h is  re le a s e  
was dependent on th e  presence o f Ca, and was b locked  
d u r in g  exposure  o f th e  p re p a ra t io n  to  5 mM Co.
The bag c e l l  p e p tid e s  o f  A p lv s ia  a re  re le a se d  
fo l lo w in g  a b r ie f  e le c t r i c a l  s t im u lu s  g iv e n  to  th e  bag 
c e l l s  (S c h e l le r ,  Rothman and M aye ri, 1983). The re le a s e  
o f  these  p e p tid e s  a f f e c t  many neurones th ro u g h o u t th e  
abdom inal g a n g lio n  o f  A p lv s ia  (see b e lo w ), in d ic a t in g  th a t  
some o f  the  re le a s e d  p e p tid e s  a c t more as lo c a l  hormones 
th a n  s y n a p t ic  t r a n s m it te r s .
1 .3 .2 .1  SÜBCELLÜLAR LOCALIZATION AND RELEASE OF FMRFamide.
The lo c a l iz a t io n  o f  FMRFamide a t  th e  s u b c e llu la r  
le v e l  has been s tu d ie d  in  th e  clam M a c ro c a ll is ta  bv a 
d i f f e r e n t i a l  and d e n s ity  g ra d ie n t  f r a c t io n a t io n  method 
(N a g le , 1981). M a c ro c a ll is ta  g a n g lia  were homogenized and 
take n  th rough  a s e r ie s  o f  c e n t r i fu g a t io n  s te p s . The 
h ig h e s t  r e la t iv e  s p e c i f ic  a c t i v i t y  o f FMRFamide, as te s te d  
w ith  a b ioassay method, occu rred  in  th e  m icrosome
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c o n ta in in g  p e l le t .  C e n tr ifu g a t io n  on a d is c o n tin u o u s  
sucrose  d e n s ity  g ra d ie n t  re s u lte d  i n  th e  h ig h e s t FMRFamide 
a c t i v i t y  o c c u rr in g  i n  a f r a c t io n  c o n ta in in g  n e u ro s e c re to ry  
g ra n u le s  w ith  a d ia m e te r o f  about 100 nm. N eu rosecre to ry  
g ra n u le s  were a ls o  observed in  e le c tro n  m ic rog raphs  o f 
in t a c t  peda l g a n g lia  (N ag le , 1981).
Using a radioim m unoassay to  d e te c t FMRFamide, a Ca 
dependent re le a s e  o f  FMRFamide has been shown to  occur 
from  M a c ro c a ll is ta  g a n g lia  d e p o la r iz e d  by exposure  to  h ig h  
K s o lu t io n  (N ag le , 1982). The h ig h  K induced  re le a s e  o f 
FMRFamide was in h ib i te d  by rem oving Ca from  the  b a th in g  
s o lu t io n .  The a s s o c ia t io n  o f  FMRFamide w ith  
n e u ro s e c re to ry  g ra n u le s , and th e  Ca dependent re le a s e  
fo l lo w in g  d e p o la r iz a t io n  i s  s tro n g  ev idence  s u p p o rtin g  
FMRFamide as a n e u ro s e c re to ry  p ro d u c t in  M a c ro c a ll is ta .
I n  th e  pond s n a i l  Lvmnaea. th e re  i s  u l t r a s t r u c t u r a l  
ev idence  f o r  th e  re le a s e  o f FM RFam ide-like p e p tid e s . In  
th e  soma o f E - c e l ls ,  numerous FMRFamide re a c t iv e  g ra n u le s  
e x is t  (B oer, Schot, R e ic h e lt ,  Brand and t e r  Maat, 1984). 
E - c e l l  axons w h ich  make c o n ta c t w ith  th e  smooth muscle 
f ib r e s  i n  th e  p e n is  r e t r a c to r  m uscle c o n ta in  s im i la r  
g ra n u le s . O ther axons w h ich  c o n ta in  FMRFamide re a c t iv e  
g ra n u le s  tu n n e l in t o  th e  cytop lasm  o f th e  " l i g h t  y e llo w  
a s s o c ia te d  c e l l "  (LYAC). The s i te s  o f  c lo s e  c o n ta c t 
between th e  E - c e l l  te rm in a ls  and th e  m uscle , and between 
th e  FMRFamide re a c t iv e  f ib r e s  and th e  LYAC a re  p o s s ib ly
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s y n a p t ic  ju n c t io n s  (Boer e t  a l . ,  1984). I n t e r e s t in g ly ,  
C LYAC i s  d e p o la r iz e d  by FMRFamide. The cy top lasm  o f th e  C3
neurone i n  H e lix  a ls o  c o n ta in s  many p e p t id e r g ic  g ra n u le s
'r
1 ( C o t t r e l l ,  S chot and D ockray, 1983).
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1 .3 .3  EFFECTS OF NEUROPEPTIDES ON INVERTEBRATE NEURONES.
The d e ta i le d  in v e s t ig a t io n  o f  th e  e le c t r ic a l  a c t io n s  
o f  n e u ro p e p tid e s  i s  r e s t r ic t e d  to  p re p a ra t io n s  where 
s ta b le  i n t r a c e l l u l a r  re c o rd in g s  a re  p o s s ib le .  In  
v e r te b ra te  nervous system s these a re  few , a lth o u g h  w ith  
th e  advancement o f  t is s u e  c u ltu r e  tech n iq ue s  and th e  
a p p l ic a t io n  o f  th e  w ho le  c e l l  c o n f ig u ra t io n  o f  th e  patch 
clam p, th e  d a ta  on n eu ro p e p tid e  a c t io n s  on v e r te b ra te  
c e n t ra l neurones i s  l i k e l y  to  expand r a p id ly .  Some 
in v e r te b ra te  nervous system s, however, and i n  p a r t ic u la r  
m o llu sca n  nervous system s o f f e r  p re p a ra tio n s  where many o f 
th e  neu rona l somata a re  la rg e  and e a s i ly  a c c e s s ib le  to  
d e ta i le d  e le c t r o p h y s io lo g ic a l in v e s t ig a t io n s .  Thus most 
o f  th e  r e s u l t s  on th e  neu rona l a c t io n s  o f  n e u ro p e p tid e s  in  
in v e r te b ra te s  have been o b ta in e d  from  m o llu s c s .
Many mammalian n e u ro p ep tid es  have been a p p lie d  to  
m o llu sca n  neurones. A p p lic a t io n  o f ADH and o x y to c in  on to  
c e l l  11 o f  th e  s n a i l  O ta la  induces a b u rs t in g  pacemaker 
p o te n t ia l  in  t h i s  neurone (B a rke r and G a ine r, 1974). The 
e f f e c t  i s  dose dependent and may la s t  f o r  s e v e ra l (30 to  
60) m in u te s . In  a v o lta g e  clamp in v e s t ig a t io n  o f  t h is  
e f f e c t ,  a p p l ic a t io n  o f  ADH changed th e  c u r re n t  v o lta g e  
( I - V )  r e la t io n s h ip  o f  t h is  neurone (B a rke r and S m ith , 
1976). In  th e  absence o f  p e p tid e , th e  s lope  conductance
o th e r  v e r te b ra te  p e p tid e s  w h ich  have been ^o w n  to  
a f f e c t  in v e r te b ra te  neurones a re  M e t-e n ke p h a lin  and CCK. 
In  H e l ix  pom atia . th e  RPa2 neurone i s  e x c ite d  by lo c a l 
a p p l ic a t io n  o f  M e t-e n ke p h a lin  fro m  a b lu n t  
m ic ro e le c tro d e . A marked d e p o la r iz a t io n  o ccu rre d  which 
was fo l lo w e d  by an in c re a s e  in  a c t io n  p o te n t ia l  frequency 
(S te fa n o , S .-Rozsa and H i r i p i ,  1980). T h is  e f f e c t  was
a ls o  induced  by m orph ine, and was an tagon ized  by 
n a loxone . Most o f  the  neurones te s te d  i n  H e lix  asoersa
were h y p e rp o la r iz e d  by 160 nM CCK. T h is  h y p e rp o la r iz a t io n  
was sometimes accompanied by a decrease i n  conductance 
(B o k isch , Osborne and W alker, 19 8 3 ) .
One o f  the  f i r s t  re p o r ts  o f  an endogenous 
in v e r te b ra te  p e p tid e  a f fe c t in g  neu rona l a c t i v i t y  was th a t  
by I f s h in .  G a ine r and B a rke r in  1975. P e p tid e  e x tra c ts  
from  homogenized g a n g lia  induced  b u rs t in g  behav iou r in  
c e l l  11 o f  O ta la  in  a s im i la r  fa s h io n  to  ADH (see  
a b o ve ). However, th e  p e p tid e  e x t r a c t  was shown to  d i f f e r
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o f  t h i s  neurone was p o s i t iv e ,  b u t d u r in g  th e  presence o f 
ADH, a re g io n  o f  n e g a tiv e  s lope  conductance appeared, 
g iv in g  th e  I - V  cu rve  an *N' shape, w h ich  i s  c h a r a c te r is t ic  
o f  b u rs t in g  neurones. Th is  e f f e c t  appeared to  be the  
in d u c t io n  o f  a Na c u r re n t,  a lth o u g h  an e f f e c t  on a K 
c u r re n t  was a ls o  l i k e l y .  The re la te d  p e p tid e  o x y to c in  has 
been shown to  be a p o w e rfu l e x c ita n t  o f  s a l iv a r y  g la nd  
c e l ls  o f  P h i l in e  (B a rb e r, 1983).
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c h e m ic a lly  from  ADH. The augm enta tion  o f  b u rs t in g
behav iou r in  H e l ix  and A p lv s ia  neurones by ADH and
o x y to c in  was a ls o  m im icked by a crude p e p tid e  c o n ta in in g  
e x t r a c t  o f  m o lluscan  g a n g lia  (L e v ita n  and T re is tm a n , 19?7î
L e v ita n , Harmar and Adams, 1979)# The a p p l ic a t io n  o f
is o b u ty l  m e thy l xanthene (IBMX) a ls o  augmented th e
b u rs t in g  b e h a v io u r. I t  was shown th a t  the  p e p tid e  e x tr a c t  
in c re a se d  th e  c e l lu la r  le v e ls  o f  bo th  cAMP and cGMP in  
these  neurones, in d ic a t in g  t h a t  th e  e f f e c t  o f  the  p e p tid e  
e x tr a c t  was m ediated by c y c l ic  n u c le o t id e s .
The egg la y in g  hormone, re le a se d  fo l lo w in g
s t im u la t io n  o f  th e  bag c e l l s  in  th e  abdom inal g a n g lio n  o f 
A p ly s ia . a f f e c t s  many neurones in  t h is  g a n g lio n . The 
e f fe c ts  in c lu d e  an in c re a s e  in  th e  b u rs t in g  pacemaker 
p o te n t ia l  o f  th e  R15 neurone, an a b o l i t io n  o f  th e  b u rs t in g  
a c t i v i t y  o f L3 and L6 , a slow in h ib i t i o n  o f R2, R3-14 and 
L14A, L14B and L14C, a t r a n s ie n t  e x c i ta t io n  o f  L I and R1 
and a p ro longed  e x c i t a t io n  o f  LB and LC (M aye ri, 
B row nw ell, B ran ton  and Simon, 1979; M a ye ri, B row nw ell and 
B ran ton , 1979). The o th e r  p e p tid e s  w h ich  a re  re le a se d
from  the  bag c e l ls ,  and w hich  have s im i la r  m u lt ip le
a c t io n s  a re  o ( -  and ^ - b a g  c e l l  p e p tid e s  (S c h e lle r ,
Rothman and M a ye ri, 1 9 % ). T h e se  a c t io n s  o f  th e  p e p tid e s , 
re le ase d  fo l lo w in g  bag c e l l  s t im u la t io n ,  may la s t  f o r  
s e v e ra l hours.
J
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1 .3 .3 .1  EFFECTS OF FMRFamide PEPTIDES ON INVERTEBRATE 
NEURONES.
FMRFamide, th e  f i r s t  m o lluscan  c a rd io a c t iv e  p e p tid e  
to  be sequenced, was shown to  be n e u ro a c tiv e  by C o t t r e l l ,  
who d esc ribe d  a h y p e rp o la r iz in g  response ( C o t t r e l l ,  197 8) 
and a v o lta g e  dependent d e p o la r is in g  response  ( C o t t r e l l ,  
19? 9) in  neurones o f  H e lix  pom atia . In  a l a t e r  s tudy on 
H e lix  a sp e rsa neurones, th e  h y p e rp o la r iz a t io n  was shown to  
r e s u l t  m a in ly  from  an in c re a s e  in  gK, w h ile  th e  v o lta g e  
dependent response was th e  r e s u l t  o f a decrease in  an 
outw ard  K c u r re n t  ( C o t t r e l l ,  1982a). The C l neurone in  
each c e re b ra l g a n g lio n  responds w ith  a co m b in a tio n  o f 
these two conductance changes. YGGFMRFamide a ls o  induced 
these  two responses, a lth o u g h  the  h e p ta p e p tid e  was more 
p o te n t th a n  FMRFamide a t  p ro du c in g  th e  v o lta g e  dependent 
response in  th e  C1 neurone. The in c re a s e  in  gK was 
reduced by 30 mM TEA, w h ile  the  v o lta g e  dependent decrease 
i n  gK was b locked  by Co^* and B a^* io n s , b u t  augmented 
fo l lo w in g  i n t r a c e l l u l a r  in je c t io n  o f  Ca ( C o t t r e l l ,  
1982a). These r e s u l t s  w ere c o n s is te n t w i th  th e  v o lta g e  
dependent response r e s u l t in g  from  a su p p re ss io n  o f a Ca 
a c t iv a te d  K c u r re n t ,  w hich i s  known to  occur i n  m o lluscan  
soma (Adams, Sm ith and Thompson, 1980), A p p lic a t io n  o f  
s in g le  channel re c o rd in g  methods to  s tud y  t h i s  response 
re v e a le d  th a t  th e  a c t i v i t y  o f  K channels re co rd e d  by the  
c e l l  a tta ch ed  p a tch  method was decreased fo l lo w in g
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a d m in is tr a t io n  o f FnLRFamide (a FMRFamide ana logue) t o  th e  
c e l l  membrane o u tw ith  th e  patch  ( C o t t r e l l ,  D avies and 
Green, 1984). R e c e n tly , FMRFamide has been shewn to  
decrease bo th  th e  Ca c u r re n t  and a cAMP dependent K 
c u r re n t  in  neurones o f  th e  suboesophageal g a n g lia  o f H e lix  
(C o lom ba ion i, P a u p a rd in -T r its c h , V id a l and G e rsche n fe ld , 
1985). T h is  i s  i n  agreem ent w ith  the  s in g le  channel da ta  
p resen ted  by C o t t r e l l ,  D avies and Green (1 9 8 4 ), which 
suggests  th e  in v o lv e m e n t o f a second messenger in  th e  
p ro d u c tio n  o f  th e  v o lta g e  dependent response. In  a d d it io n  
to  the  in c re a se  in  gK, and th e  v o lta g e  dependent decrease 
i n  gK, a d e p o la r iz a t io n  r e s u l t in g  frcxn an in c re a s e  m a in ly  
in  gNa has been shewn to  occur in  these  neurones. Th is 
response i s  r a p id ly  d e s e n s it iz e d  by repea ted  a p p l ic a t io n  
o f  FMRFamide ( C o t t r e l l ,  D av ies and Green, 1984; Boyd and 
W alker, 1985).
1 .3 .3 .2  EFFECTS OF FMRFamide PEPTIDES ON VERTEBRATE 
NEURONES.
FMRFamide has been shown to  a f f e c t  mammalian neurones 
bo th  I n  v iv o  and i n  v i t r o . A p p lic a t io n  o f  FMRFamide 
p re do m in a n tly  e x c ite d  r a t  b ra in  stem neurones, w h ile  the  
re la te d  o p io id  p e p tid e  YGGFMRF had a d ep re ssa n t a c t io n  
(G ayton, 1982). The d ep re ssa n t e f f e c t  o f YGGFMRF was 
an tagon ized  by na loxone, however, th e  a c t io n  o f  FMRFamide 
was u n a ffe c te d  by na loxone. The re la te d  p e p tid e  
LPLRFamide, is o la te d  frcxn ch icke n  b ra in ,  has s im i la r
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a c t io n s  to  FMRFamide on b ra in  stem neurones (D ockrgy,
Reeve, S h iv e ly ,  Gay to n  and B arnard , 1983). R ecen tly  i t
has been re p o r te d  t h a t  b o th  FMRFamide and FMRFamide 
im m unoreactive  m a te r ia l is o la te d  from  b o v in e  b ra in  can 
reduce th e  a n a lg e s ia  produced in  r a t s  by YGGFMRF and 
m orphine (Tang, Yang and Costa, 1984 ). In  an 
in t r a c e l l u l a r  s tudy  o f  c u ltu re d  mouse s p in a l neurones, two 
typ e s  o f  responses to  FMRFamide were observed , a
d e p o la r iz a t io n  a s s o c ia te d  w ith  a decrease i n  conductance 
and a response a s s o c ia te d  w ith  an in c re a s e  i n  conductance 
(M cCarthy and C o t t r e l l ,  1984). The f i r s t  response had 
p ro p e r t ie s  c o n s is te n t  w i th  a decrease in  gK mechanism, 
w h ile  th e  l a t e r  response had a v a r ia b le  re v e rs a l
p o te n t ia l ,  ra n g in g  frcxn -7 0  to  -20  mV, and in v o lv e d  both  
Na**" and C l”  io n s .
1 .3 .4  PEPTIDES AS INTERNEURONAL MESSENGERS IN  
INVERTEBRATES.
The o rg a n iz a t io n  o f  some in v e r te b ra te  nervous 
system s, p a r t i c u la r l y  those  o f  m o llu scs  and a rth ro p o d s , 
o f f e r  p re p a ra t io n s  where many in d iv id u a l  neurones and 
t h e i r  fo l lo w e r  c e l ls  can be id e n t i f ie d .  Th is  i s  an 
obv iou s  advantage o ve r most v e r te b ra te  CNS p re p a ra t io n s  
f o r  th e  s tudy o f  n e u ro tra n s m is s io n . However^, b io ch e m ica l 
a n a ly s is  o f  in v e r te b ra te  p e p tid e  mechanisms, such as 
re le a s e  frcxn neurones, i s  made v e ry  d i f f i c u l t  due to  th e  
sm a ll amount o f  p e p tid e  w h ich  i s  re le a se d  frcxn p o s s ib ly
1"44
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ve ry  few nerve te rm in a ls .  There a re , however, 
in v e r te b ra te  p e p tid e  systems which o f f e r  a unique 
o p p o r tu n ity  to  in v e s t ig a te  the  p h y s io lo g y  o f  neu ro p ep tid es  
i n  in v e r te b ra te s .
Examples o f  id e n t i f ie d  p e p t id e rg ic  neurones in
in v e r te b ra te s  occur in  A p lv s ia . H e lix  and P e r ip la n e ta . 
Numerous p e p tid e s  a re  re le a se d  from  th e  bag c e l ls  o f 
A p lv s ia  w h ich  appear to  a c t as lo c a l  hormones in v o lv e d  in  
th e  c o n t ro l o f e g g - la y in g .  The C3 neurone o f H e lix  
c o n ta in s  im m unoreactive  FMRFamide. ( C o t t r e l l ,  Schot and 
D ockray, 1983). T h is  neurone in n e rv a te s  th e  te n ta c le  
r e t r a c to r  m uscle o f H e l ix . E le c t r ic a l  s t im u la t io n  o f  t h is  
neurone causes a c o n t ra c t io n  o f  th e  te n ta c le  r e t r a c to r  
m uscle , however, i t  i s  u n c le a r w hether t h i s  c o n tra c t io n  
a r is e s  due to  th e  re le a s e  o f a FM RFam ide-like p e p tid e . 
A no the r example o f an id e n t i f ie d  p e p t id e rg ic  system in  
in v e r te b ra te s  i s  th e  in n e rv a t io n  o f th e  c o x a l r e t r a c to r  
m uscle by th e  Ds neurone in  P e r ip la n e ta . T h is  example i s  
d iscussed  below .
1 .3 .5  AN EXAMPLE OF A PEPTIDERGIC SYSTEM IN INVERTEBRATES.
Im m unoreactive  p r o c to l in  has been found  i n  th e  CNS o f  
P e r ip la n e ta . in  p a r t i c u la r  th e re  i s  a sym m etrica l p a i r  o f 
la rg e ,  p ro c to lin - im m u n o re a c t iv e  c e l l  b o d ie s  in  the  
m e ta th o ra c ic  g a n g lio n  (O 'Shea and B ishop , 1982). These 
neurones co u ld  be id e n t i f ie d  from  p re p a ra t io n  to
'1
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p re p a ra t io n , and t h e i r  a n a to n ic a l fe a tu re s ,  observed 
fo l lo w in g  i n t r a c e l l u l a r  in je c t io n  o f th e  f lu o re s c e n t  dye 
L u c i fe r  Y e llo w , a re  c o n s is te n t  w ith  tho se  o f  in s e c t  
mot one u r ones. Both crude and p u r i f ie d  e x t r a c ts  fr<xn the  
is o la te d  p ro c td lin - im m u n o re a c t iv e  c e l l  bod ie s  had 
b io lo g ic a l  a c t i v i t y  s im i la r  to  th a t  o f  a u th e n t ic  
p r o c to l in .  F u rthe rm ore , th e  e x tr a c t  c o -m ig ra te s  w ith  
p r o c to l in  d u r in g  re v e rs e  phase l iq u id  ch rcm atography, 
s u g g e s tin g  t h a t  th e  p r o c to l in - l ik e  substance in  these  
neurones i s  indeed  p r o c to l in  (O 'Shea and B ishop , 1982), 
These neurones (te rm ed th e  Ds neurones) in n e rv a te  th e  
co xa l dep resso r m uscle , and p ro c to lin - im m u n o re a c tiv e  
te rm in a ls  e x is t  w i t h in  t h i s  m uscle . E x tra c ts  o f  th e  co xa l 
dep re sso r m uscle have p r o c to l in - l ik e  b io lo g ic a l  a c t i v i t y  
(Adams and O'Shea, 1983). In  a nerve-m uscle  p re p a ra t io n , 
e le c t r i c a l  s t im u la t io n  o f  Ds axons, o r  exposure  o f the  
p re p a ra t io n  to  h ig h  K caused th e  re le a s e  o f  p r o c to l in .  
Th is  re le a s e  was Ca dependent (Adams and O 'Shea, 1983). 
S t im u la t io n  o f  th e  Ds, motoneurone produces c o n t r a c t i le  
responses in  th e  co xa l dep resso r m uscle. A s in g le  a c t io n  
p o te n t ia l  y ie ld s  an e x c ita to r y  ju n c t io n  p o te n t ia l ,  
fo llo w e d  by a t r a n s ie n t  c o n tra c t io n ,  t y p ic a l  o f  th e  a c t io n  
o f  g lu ta m a te  w h ich  i s  b e lie v e d  to  be an in s e c t  
neurom uscu lar t r a n s m it te r .  A b u rs t  o f a c t io n  p o te n t ia ls ,  
however, p roduces a b ip h a s ic  c o n t ra c t io n ,^ g th e  t r a n s ie n t  
c o n tra c t io n s  s t i l l  e x is t ,  b u t th e re  i s  a p ro longed  
c o n t ra c t io n  w h ich  i s  v e ry  s im i la r  to  th e  e f f e c t  o f 
p r o c to l in  on th e  m uscle . Diese r e s u lts  dem onstra te  th a t
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p r o c to l in  i s  re le a s e d  as a c d tra n s m it te r  w ith  a no the r 
substance, w h ich  i s  p ro b a b ly  g lu ta m a te , from  th e  Ds 
neurones (Adams and O 'Shea, 1983).
In  t h i s  system  th e  in v e r te b ra te  neu ropep tide  
p r o c to l in  has been shown to  e x is t  in  two id e n t i f ie d  
motoneurones w h ich  in n e rv a te  th e  co x a l d ep re sso r muscle o f 
P e r ip la n e ta . P r o c to l in  i s  re le a se d  from  t h is  muscle in  a 
Ca dependent manner fo l lo w in g  d e p o la r iz a t io n ,  and has a 
c o n t r a c t i le  e f f e c t  on th e  m uscle . T h is  i s  a good example 
o f  a n e u ro p e p tid e  a c t in g  as a t r a n s m it te r  substance in  
in v e r te b ra te s .  S tu d ie s  on o th e r  n eu ro p e p tid e  systems need 
to  be unde rtaken  to  de te rm ine  w he the r n o n -p e p tid e  
t ra n s m it te rs  a re  g e n e ra lly  co -re le a s e d  w ith  p e p tid e s .
■> '  i !■ ' I
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1.4 PHARMACOLOGY OF NEUROPEPTIDES.
Most o f  the  work on neu ro p ep tid e  re c e p to rs  has been 
done on mammalian c e n t ra l and p e r ip h e ra l nervous system s. 
The re c e p to rs  have been c h a ra c te r iz e d  m a in ly  by 
ra d io l ig a n d  b in d in g  e xpe rim en ts  in  CNS, and by p a r a l le l  
b ioassay methods u s in g  p e r ip h e ra l t is s u e  such as gu inea  
p ig  ile u m  and r a t  vas d e fe re n s . A r e la t i v e l y  s m a ll amount 
o f  work has been done on in v e r te b ra te  p e p tid e  re c e p to rs . 
Because o f th e  ana logy observed between FMRFamide and 
o p io id  system s, th e  pharm acology o f endogenous o p io id  
p e p tid e s  w i l l  be b r ie f l y  d iscussed  as an example o f  a 
n e u ro p ep tid e  system c o m p ris in g  o f  m u lt ip le  re c e p to rs  and 
a g o n is ts .
1 .4 .1  PHARMACOLOGY OF OPIOID PEPTIDES.
Three o p io id  p re c u rs o rs  have been c h a ra c te r iz e d  w h ich  
between them g iv e  r is e  to  some 18 o p io id  p e p tid e s  
fo l lo w in g  d i f f e r e n t i a l  p r o te o ly t ic  p ro c e s s in g  o f  the  
p re c u rs o r m o lecu les  (Weber, Evans and B archas, 1983). The 
r e s u l t in g  o p io id  p e p tid e s  show d i f f e r e n t  p h a rm a co lo g ica l 
p r o f i le s  w ith  d i f f e r e n t  a f f i n i t i e s  tow ards th e  types  o f 
o p io id  re c e p to rs .
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The d is c o v e ry  t h a t  o p io id  re c e p to rs  c o n s is te d  o f 
d i f f e r e n t  type s  was f a c i l i t a t e d  by th e  a v a i l a b i l i t y  o f 
a n ta g o n is ts ,  some o f  them such as j0 - fu n a lt re x a m in e  be ing  
h ig h ly  s e le c t iv e  (G o ld s te in  and James, 1984 ). S ince th e  
d is c o v e ry  o f th e  two endogenous o p io id  l ig a n d s ,  M et- and 
L e u -e n k e p h a lin , a la rg e  number o f endogenous l ig a n d s ,  have 
been d is c o v e re d . Ihe  a f f i n i t y  o f  these v a r io u s  endogenous 
o p io id  lig a n d s  tow ards th e  fo u r  main re c e p to r  types  a re  
v e ry  d i f f e r e n t .  A l l  o f  them in te r a c t  to  v a ry in g  degrees 
w ith  th e  d i f f e r e n t  re c e p to r  types  ( K o s te r l i t z ,  1985).
The p ha rm a co lo g ica l a c t i v i t i e s  o f  o p io id  p e p tid e s  
have been in v e s t ig a te d  u s in g  f i v e  b ioassay s y s te m s ;- th e  
mouse vas d e fe re n s  ( ^  - ,  6 -  and & - r e c e p to r s ) ,  g u in e a -p ig  
ile u m  ( f / a n d A ) ,  r a b b i t  vas d e fe re n s  ( h ) ,  ham ster 
v a s -d e fe re n s  ( 5 ) and r a t  vas d e fe re n s  ( / /  and € ) .  The 
ty p e s  o f re c e p to rs  on these  t is s u e s  have been dem onstra ted 
u s in g  s e le c t iv e  p e p tid e  and n o n -p e p tid e  o p io id  analogues 
( K o s te r l i t z ,  1985). Using these  b ioassay p re p a ra t io n s , i t  
appears th a t  th e  minimum re q u irem en t f o r  o p io id  a c t i v i t y  
i s  th e  N - te rm in a l sequence T ÿ r-G ly -G ly -P h e  ( i . e .  amino 
a c id s  1 -4 ). I h is  sequence has been term ed th e  message 
component o f  th e  p e p tid e , w h ile  amino a c id s  5 onwards i s  
term ed th e  address (C havk in  and G o ld s te in , 1981 ).
1'
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A group o f  endogenous o p io id s  a r is e  frcm  th e  
p ro d yn o rp h in  p re c u rs o r m o le cu le . The g u in e a -p ig  ile u m  was 
used as a b ioassay system  to  te s t  these  d y n o rp h in  gene 
p ro d u c ts  f o r  t h e i r  a f f i n i t y  tow ards f / -  and - re c e p to rs  
by James, F is c h l i  and G o ld s te in  (1 9 84 ). T h e ir  r e s u l t s  a re
The potency o f  th e  p e p tid e s  tow ards h  -  re c e p to rs  i s  
expressed r e la t iv e  to  a va lu e  o f 1.0 f o r  d y n o rp h in  A. 
Both d yno rp h in  ( 1-8) and jS -n eoendo rph in  a re  p a r t ia l  
a g o n is ts  (PA) a t  ^ - r e c e p to r s .  However, oc -n e o e n d o rp h in , 
d yn o rp h in  B and d yn o rp h in  A a re  h ig h ly  s e le c t iv e  
a g o n is ts .  Thus e x te n d in g  th e  p e p tid e s  a t  th e  C -te rm in a l 
a l t e r s  th e  r e la t iv e  potency tow ards ^  -  and I? - re c e p to rs . 
I t  appears, however, th a t  b a s ic  re s id u e s  in  p o s i t io n  7 and 
a ls o  10 o r  11 a re  e s s e n t ia l f o r  A - r e c e p to r  s e le c t i v i t y  
(James, F is c h l i  and G o ld s te in , 1984). I n t e r e s t in g ly ,  
L e u -e n ke p h a lin  ( i . e .  YGGFL) has ve ry  l i t t l e  a f f i n i t y  f o r
ta b u la te d  below f o r  c l a r i t y ; ■i
RECEPTOR
1
k P-
d yno rp h in  (1 -8 ) YGGFLRRI 0 .0034 PA
^-n e o e n d o rp h in YGGFLRKYP 0 .0048 PA ■I1
o^-neoendorphin YGGFLRKYPK 0.073 'h.e
d yn o rp h in  B YGGFLRRQFKVVT 0.093
d yn o rp h in  A YGGFLRRIRPKLKWDNQ 1.000 j
N -te rm in a l C - te rm in a l !
If
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- r e c e p to rs ,  b u t in t e r a c t s  a p p re c ia b ly  w ith
Jj - r e c e p to rs ,
A s im i la r  s i t u a t io n  o ccu rs  w ith  th e  a f f i n i t y  o f  
d i f f e r e n t  f r a c t io n s  o f  p -e n d o rp h in  (fro m  the  
p ro -op iC H ne lanoco rtin  p re c u rs o r)  f o r  the  £  - r e c e p to r  in  th e  
r a t  vas  d e fe re n s . T h is  re c e p to r  typ e  has a h ig h  
s e le c t i v i t y  f o r  jB -e n d o rp h in  and shows a la c k  o f  a f f i n i t y  
f o r  th e  e n k e p h a lin s  (S ch u lz , W uster and H e rz , 1981). The 
a f f i n i t y  o f  jg -e n d o rp h in  and i t s  fra g m e n ts  tow ards S - ,  
j j ~  and g - r e c e p to r  typ e s  was te s te d  by s e le c t iv e ly  
rem oving s in g le  amino a c id s  from  the  C - te rm in a l.  S ta r t in g  
from  p -e n d o rp h in  (1 -3 1 ) th e  a f f i n i t y  tow ards  a l l  th re e  
re c e p to rs  was s im i la r .  However, on re a c h in g  th e  fragm en t 
1-21, th e  a f f i n i t y  tow ards th e  € - r e c e p to r  decreased 
m arked ly , w h ile  th e  a f f i n i t y  tow ards th e  o th e r  two 
re c e p to rs  rem ained v i r t u a l l y  u n a lte re d  (S c h u lz , W uster and 
H erz, 1981).
1 .4 .2  PHARMACOLOGY OF FMRFamide PEPTIDES.
FMRFamide has been te s te d  on a w ide  v a r ie ty  o f 
m o llu sca n  c a rd ia c  and n o n -c a rd ia c  m usc les . B oth  5-HT and 
FMRFamide in c re a s e  th e  r a te  and fo rc e  o f c o n t ra c t io n  o f 
M e rcena ria  h e a r t .  However, th e  c a rd io e x c ita to r y  e f f e c t  o f 
5-HT i s  b locked  by m e thyse rg ide  whereas t h a t  o f  FMRFamide 
i s  n o t .  In  a d d it io n ,  th e  c o n t ra c t io n  o f  th e  Busy con 
r adu la  p r o t r a c to r  m uscle  induced by ACh i s  b locked  by
3
J
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benzoquinonium , a compound w h ich  has no e f f e c t  on th e  
FMRFamide evoked c o n tra c t io n  o f  t h is  m uscle (P r ic e  and 
G reenberg, 1980). When v a r io u s  FMRFamide ana logues were 
te s te d  on th e  r a d u la  p r o t r a c to r  m uscle, many o f them had 
v e ry  l i t t l e  o r no b io lo g ic a l  a c t i v i t y .  From these  r e s u l t s  
i t  appears t h a t  th e re  a re  s p e c i f ic  re c e p to rs  f o r  FMRFamide 
on m o llu sca n  m usc les .
A su rvey has been conducted on th e  a c t io n s  o f  
FMRFamide ana logues on th e  Busvcon ra d u la  p r o t r a c to r  
m uscle . The b io lo g ic a l  a c t i v i t y  o f a number o f  ana logues, 
re la te d  to  a v a lu e  o f 1 f o r  FMRFamide, i s  l i s t e d  below :
r e la t iv e  a c t i v i t y  
FMRFamide 1
MRFamide <0.001
RFamide <0.0001
FMRF 0
MRF 0
RF 0
t-Boc-MRFamide 0 .0 2
These r e s u l t s  from  P ric e  and Greenberg (1 9 8 0 ), show th a t  
th e  C -te rm in a l amide i s  e s s e n t ia l,  and t h a t  a c t i v i t y  is  
r a p id ly  lo s t  th rou g h  rem oval o f  N -te rm in a l amino a c id s . 
T h is  s tudy  has been extended to  in c lu d e  th e  e f fe c ts  o f
' 1
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such analogues on fo u r  b loassay t is s u e s .  Ihese a re
■?Macrogalligta h e a r t ,  L a m u s ilis  h e a r t ,  Pugyqpi i  ra d u la  ^
%
p r o t r a c to r  m uscle and Geukenia a n te r io r  byssus r e t r a c to r  %
m uscle (ABRM) (P a in te r ,  M orley and P r ic e ,  1982). From 
t h is  su rvey , u s in g  the se  fo u r  b ioassay t is s u e s ,  i t  was 
e v id e n t th a t  th e  b io lo g ic a l  a c t i v i t y  o f an analogue was 
n o t changed in  a p a r a l le l  fa s h io n  on a l l  o f  th e  t is s u e s .
For example, th e  r e la t iv e  a c t i v i t y  o f YGGFMRFamide on 
Geukenia ABRM was 1.4 w h ile  the  a c t i v i t y  on th e  Busvcon 
ra d u la  p r o t r a c to r  was o n ly  0 .3 .  S im i la r ly ,  th e  r e la t iv e  
a c t i v i t y  o f YMRFamide on L a m p s ilis  h e a r t  was 0 ,4  and on 
th e  ABRM i t  was o n ly  0 .0 2  (P a in te r ,  M orley  and P r ic e ,
1 9 8 2 ) .  The re q u ire m e n ts  f o r  b io lo g ic a l  a c t i v i t y  a re , 
hew e ve r, s im i la r  on a l l  fo u r  o f these  m uscles, b u t th e  
f a c t  t h a t  th e  r e la t i v e  a c t i v i t y  o f  some ana logues d i f f e r  
depending on th e  m uscle  used in d ic a te s  t h a t  th e  FMRFamide 
re c e p to rs  may be d i f f e r e n t .
The o p io id  r e la te d  p e p tid e  YGGFMRFamide i s  a p o te n t
analogue o f FMRFamide on th e  above p re p a ra t io n s , hav ing
q u a l i t a t iv e ly  s im i la r  a c t io n s  as FMRFamide i t s e l f
(G reenberg, P a in te r  and P r ic e ,  1981). On some m o lluscan
m uscles, however, YGGFMRFamide and FMRFamide have
d i f f e r e n t ia l  a c t io n s ,  n o ta b le  examples be ing  th e  te n ta c le
r e t r a c to r  m uscle o f H e lix ,  and th e  ABRM o f M v t i lu s .  In
M y t i lu s  ABRM, b o th  FMRFamide and YGGFMRFamide produced
c o n tra c t io n s .  A t c o n c e n tra t io n s  between Ix lO ” ® and 
“ 71x10 M, FMRFamide re la x e d  c a tch  c o n tra c tu re s .  %
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YGGFMRFamide d id  n o t  re la x  ca tch  c o n tra c tu re s  a t  any
c o n c e n tra t io n  te s te d  (Muneoka and M atsuura , 1985).
FMRFamide in d u ce s  a rh y th m ic  c o n tra c t io n  o f  the  H e lix
te n ta c le  r e t r a c to r  m usc le . The th re s h o ld  c o n c e n tra t io n
f o r  t h i s  e f f e c t  was about 5x10~^^ M, w ith  th e  maximum
e f fe c t  o c c u r r in g  a t  around 1x10*”^ M. A f u r t h e r  in c re a s e
i n  th e  c o n c e n tra t io n  o f  FMRFamide re s u lte d  i n  a m ix tu re  o f
e x c ita to r y  and in h ib i t o r y  a c t io n s  ( C o t t r e l l ,  Greenberg and
P r ic e , 1 9 % ). Low c o n c e n tra t io n s  o f YGGFMRFamide (be low  4
1x10*” ® M) a ls o  induced  rh y th m ic  c o n tra c t io n s  in  t h is
— Rm uscle . However, a t  c o n c e n tra t io n s  h ig h e r  th a n  2x10”  M,
YGGFMRFamide induced  pronounced in h ib i t o r y  e f fe c ts ,  and 
cou ld  reduce o r a b o lis h  th e  c o n tra c t io n s  produced by 
FMRFamide and ACh.
D i f f e r e n t ia l  e f f e c t s  o f FMRFamide and YGGFMRFamide 
have a ls o  been re p o r te d  on th e  Cl neurone o f each c e re b ra l 
g a n g lio n  o f  H e lix  ( C o t t r e l l ,  1982a), In  th e  in v e s t ig a t io n  
p resen ted  h e re , I  r e p o r t  f u r t h e r  d i f f e r e n t i a l  e f fe c ts  o f 
FMRFamide ana logues on H e lix  neurones and p ro v id e  ev idence 
s u p p o rtin g  th e  presence o f m u lt ip le  FMRFamide re c e p to rs  on 
H e lix  neurones.
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1.5 CONCLUSIONS AND OBJECTIVES.
N europeptides have been is o la te d  and c h a ra c te r iz e d  
from  th e  nervous system s o f  a number o f an im a ls  o f bo th  
v e r te b ra te  and in v e r te b ra te  p h y la . Many o f these 
n e u ro p e p tid e s  have been shown to  have p o te n t and d iv e rs e  
a c t io n s  on in d iv id u a l  neurones. F u rthe rm ore , th e re  is  
ev idence  s u p p o rtin g  th e  re le a s e  o f these p e p tid e s  in  a Ca 
dependent manner from  nerve  te rm in a ls ,  thu s  su gg e s ting  an 
in te rn e u ro n a l messenger r o le .
T h is  th e s is  d e s c r ib e s  th e  e le o tro p h y B io lo g ic a l 
a c t io n s  o f  the  m o llu sca n  neu ropep tide  FMRFamide and 
re la te d  p e p tid e s  on neurones o f th e  garden s n a i l  H e lix  
a sp e rsa. The d is c o v e ry  o f FMRFamide and a re la te d  p ep tid e  
(pQDPFLRFamide) i n  H e l ix  suggests  t h a t  these  p e p tid e s  may 
have an im p o rta n t n e u ro p h y s io lo g ic a l r o le  in  t h is  a n im a l, 
and th a t  t h is  p re p a ra t io n  cou ld  p ro v id e  a v a lu a b le  in s ig h t  
in t o  endogenous n e u ro p e p tid e  mechanisms. Some o f the  
r e s u l t s  p resen ted  i n  t h i s  theses have been pub lish e d  
( C o t t r e l l  and D av ies , 1985; C o t t r e l l ,  D av ies  and Green, 
1984; D av ies , 1984).
IM
CHAPTER 2
METHODS
 ^ Si;
4 #i’v*^
3r ■'
s « Ï S i ; i a i. ' v> '> V
.yj- C-t
« 1
â l'iië P
-  42 -
2.1 PREPARATION.
E xperim en ts  w ere perfo rm ed  on is o la te d  g a n g lia  f ra n  
th e  garden s n a i l  H e lix  a s p e rs a . The an im a ls  were 
c o l le c te d  lo c a l l y  and ke p t a t  room tem pe ra tu re  u n t i l
re q u ire d . P r io r  to  d is s e c t io n  th e  s n a i ls  were e n tic e d  o u t 
o f  t h e i r  s h e l ls  by b e in g  p laced  i n  w a te r  a t  a tem pe ra tu re  
o f  20 to  30 °C. An a c t iv e  s n a il was p laced  on a wax 
d is s e c t in g  t r a y  and a llo w e d  to  c ra w l ove r th e  su rfa c e . 
W ith  a p a i r  o f  d ia rp  s c is s o rs  th e  head was r a p id ly  c u t o f f  
and p inned  to  th e  wax th rough  th e  mouth ( F ig .2 ;1 ) .  T h is
made th e  g a n g lia  d  e a r ly  v is ib le ,  e n c i r c l in g  th e
oesophagus (c ircum oesophagea l r in g ) .  The
c l  r  cum oesophageal r in g  was removed and p inned  to  th e  N y lo n  
base o f a re c o rd in g  chamber w h ich  was f i l l e d  w ith
p h y s io lo g ic a l s o lu t io n .
The g a n g lia  a re  covered w ith  two la y e rs  o f c o n n e c tive
t is s u e  w hich must be removed b e fo re  th e  neurones can be
im pa led  w ith  m ic ro e le c tro d e s . T h is  was done by c a re fu l
m ic ro d is s e c t io n  w ith  f in e  fo rc e p s . The o u te r  co n n e c tive
sheath has a spongy te x tu re  and was r e la t i v e l y  easy to
\
remove. However, th e  in n e r  sheath i s  t h in  and 
tra n s p a re n t,  and had t o  be c a r e fu l ly  r ip p e d  a p a r t to  
expose the  neurones. The p re p a ra t io n  was v iew ed  th r o u ^ i a 
b in o c u la r  d is s e c t in g  m icroscope  (N ik o n ) .
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2 .2  IHE RECORDING CHAMBER.
The recording chamber was a re c tan g u la r block of 
Perspex, in to  which an in d e n ta tio n  was c u t, forming a 
small bath about 4mm deep. A th in  N ylon ^ e e t  was placed 
in  the bath to  make a s u ita b le  base in to  which d issecting  
pins could be in s e rte d . The bath was illu m in a te d  by means 
o f a g lass rod, one end of which was placed in  a rubber 
bung and connected to  a conventional d is s e c tin g  lamp, the  
other end was drawn in to  a th in  extension and positioned  
i n  the bath below the le v e l of the s o lu tio n  (F ig .2 :3 ) .  
When the t ip  o f the g lass  rod was placed close to the  
p rep ara tio n , adequate il lu m in a tio n  was obtained to  make 
the in d iv id u a l soma of the de sheathed p a rt of the  ganglia  
c le a r ly  v is ib le .
2 .3  THE PERFUSION SYSTEM.
The p re p a ra t io n  co u ld  be exposed to  v a r io u s  s o lu t io n s  
by means o f  a m u lt i  way ta p , to  w hich a maximum o f s ix  
r e s e rv o ir s  co u ld  be connected ( F ig .2 :2 ) .  The re s e rv o irs  
c o n s is te d  o f la rg e  (100m l) s y r in g e s  connected to  s m a lle r 
(2m l) s y r in g e s . T h in  p la s t i c  tu b in g , a tta c h e d  to  th e  
sm a ll s y r in g e s , form ed th e  in f lo w s  in t o  th e  s ix  way ta p . 
The o u tf lo w  o f th e  ta p  le d  in t o  th e  re c o rd in g  chamber. 
The re s e rv o ir s  were about 0.4m h ig h e r th a n  th e  re c o rd in g  
chamber, th u s  p ro v id in g  th e  s n a i l  d r iv in g  fo r c e  necessary
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f o r  th e  f lo w  o f s o lu t io n .  The s o lu t io n  from  a p a r t ic u la r  
r e s e r v o ir  co u ld  be used t o  p e rfu se  th e  re c o rd in g  chamber 
by tu r n in g  th e  ta p  to  th e  d e s ire d  p o s i t io n .  A s m a ll clamp 
connected to  th e  o u tf lo w  from  th e  ta p  made i t  p o s s ib le  to  
a d ju s t  th e  ra te  o f  f le w  o f th e  p e r fu s a te . The ra te  o f  
f lo w  co u ld  be checked by o b s e rv in g  th e  d r ip s  o c c u r r in g  as 
th e  s o lu t io n  passed fro m  th e  la rg e  sy rin g e  in t o  th e  sm a ll 
s y r in g e .
A s u c t io n  system d isposed  o f  th e  w aste p e r fu s a te . 
The s u c t io n  tube  had to  be c a r e fu l ly  p o s it io n e d  to
m a in ta in  th e  s o lu t io n  in  th e  ba th  a t  th e  d e s ire d  le v e l ,  
about 1mm above th e  g a n g lia .  The vacuum was produced by 
co n n e c tin g  th e  s u c tio n  tub e  to  an a s p ir a to r  v ia  two 
c o n ic a l f la s k s ,  th e  f i r s t  o f  w h ich  c o lle c te d  th e  w aste.
2 .4  SOLUTIONS.
S o lu t io n s  w h ich  were commonly used t o  p e rfuse  the  
bath  a re  l i s t e d  i n  T ab le  1 . I n i t i a l l y  expe rim en ts  were 
perfo rm ed  u s in g  s o lu t io n s  b u ffe re d  w ith  5mM T r is  and 
a d ju s te d  to  pH 7 .8  w ith  HCl, However, i t  has been
re p o r te d  t h a t  T r is  can b lo c k  th e  c a t io n  channel opened by 
ACh in  A p ly s ia  neurones (A sch e r, M arty and N ie ld ,  1978). 
For t h i s  reason  th e  b u f fe r  was changed to  20 mM HEPES and 
th e  pH a d ju s te d  to  7 .5  w ith  NaOH (Meech and Thomas, 
1977). No d if fe re n c e  was observed between r e s u l t s
o b ta in e d  i n  T r is  b u ffe re d  and HEPES b u ffe re d  s o lu t io n s .
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Table  2 :1 .  The co m p o s itio n  o f  th e  most commonly used 
b a th in g  s o lu t io n s .  The c o n c e n tra t io n s  g iv e n  a re  in  mM. 
These s o lu t io n s  were a d ju s te d  to  pH 7 .5  by th e  a d d it io n  o f 
NaOH. T h is  ra is e d  th e  Na^ io n  c o n c e n tra t io n  by about 
lOmM. In  T r is  b u ffe re d  s o lu t io n s  th e  c o n c e n tra t io n s  
rem ained th e  same except th a t  5mM T r is  was used in s te a d  o f  
HEPES and th e  s o lu t io n s  were a d ju s te d  to  pH 7 .8  w ith  HCl 
( see t e x t ) .
TEA c o n tro l 50 5 5 7 0 60
low  K 80 1 5 7 0 . 0
1
NaCl KOI MgClg CaClg TEA sucrose HEPES
c o n tro l 80 5 5 7 0 0 20
low  Na 0 5 5 7 0 160 20
TEA te s t  50 5 5 7 30 0 20
20
5 7 0 . 0  20
h ig h  K 80 15 5 7 0 0 20
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In  e xpe rim en ts  where TEA was used, TEA B r was s u b s t itu te d  
f o r  NaCl and th e  c o n tro l s o lu t io n  had th e  co rre sp o n d in g  
amount o f  sucrose s u b s t i tu te d  f o r  NaCl to  m a in ta in  
o s m o la r ity .  NaCl, KC l, CaCl^, MgCl^, NaOH,
te trae thy lam m on ium  (TEA) brom ide and sucrose  were a l l  
o b ta in e d  from  BIB Chem icals, HEPES and T r i s  w ere o b ta in e d  
frcm  Sigma L td .
2 .5  RECORDING METHODS.
2 .5 .1  GENERAL ELECTROPHYSIOL OGICAL METHODS.
I n t r a c e l lu la r  re c o rd in g s  were made u s in g  a s in g le  
e le c tro d e  clamp system (Dagan 8100). T h is  made both  
c u r re n t  and v o lta g e  clamp p o s s ib le  w ith  a s in g le  
m ic ro e le c tro d e  as d e s c r ib e d  by W ilson  and G o ld n e r (1 9 7 5 ). 
E le c t r ic a l  re c o rd in g s  were observed on a dua l beam
o s c illo s c o p e  (T e k tro n ix  502A) and permanent re c o rd s  were 
made on a h ig h  q u a l i t y  b rush c h a rt re c o rd e r  (G ould type  
2 2 0 ). The c u r re n t  re c o rd  was f i l t e r e d  b e fo re  b e ing  
d is p la y e d  on th e  c h a r t  re c o rd e r to  e l im in a te  h ig h
fre qu e ncy  o s c i l la t io n s  o c c u r r in g  d u r in g  h ig h  g a in  v o lta g e  
clam p. T h is  was accom plished  by a p ass ive  lo w  pass f i l t e r
u s in g  a l6 0 k ü  r e s is t o r  and a 0.1 uF c a p a c ito r .  T h is  had a
c u t - o f f  fre qu e ncy  o f  about 10 Hz. The responses
in v e s t ig a te d  i n  t h i s  s tudy  were slow enough n o t to  be
d is to r te d  by t h i s  f i l t e r .  The bath  was grounded w ith  an
Ag/AgCl w ire  connected to  th e  v i r t u a l  g round o f  th e  Dagan
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8100 p robe . The Ag/AgCl w ire  was made by d ip p in g  a s i l v e r  
w ire  i n  m o lte n  AgC l. In  some experim en ts  where a la rg e  
change i n  th e  io n ic  c o m p o s itio n  o f th e  p e r fu s in g  s o lu t io n  
o ccu rre d , an aga r b r id g e  was connected between th e  ba th  
and th e  Ag/AgCl w ire  to  m in im ize  changes in  ju n c t io n  
p o te n t ia ls .  The aga r b r id g e  c o n s is te d  o f  a tube  o f g la s s  
f i l l e d  w ith  3? agar in  3M KCl s o lu t io n .  One end was 
p laced  in  th e  re c o rd in g  chamber and th e  Ag/AgCl w ire  was 
pushed in t o  th e  o th e r end.
2 .5 .2  ELECTRODES.
M ic ro e le c tro d e s  were made us ing  f ila m e n te d  g la s s  
c a p i l la r y  tu b e s  o f  e x te rn a l d iam ete r 1.5mm (C la rk  
E le c tro m e d ic a l) .  They were p u l le d  on a s im p le  v e r t i c a l  
e le c tro d e  p u l le r ,  u s in g  th e  com b ina tion  o f  a s p r in g  and 
g ra v ity  to  p ro v id e  th e  s e p a ra tin g  fo rc e .
R ecord ing  e le c tro d e s  were f i l l e d  w ith  2M K a c e ta te  
s o lu t io n  u s in g  a s y r in g e  and a f in e  need le . The f i l l i n g  
o f  th e  e le c tro d e s  was a s s is te d  by th e  in c re a s e d  s u rfa c e  
te n s io n  produced by th e  f i la m e n t .  The m ic ro e le c tro d e s  had 
a re s is ta n c e  o f 2 to  3M,D.or le s s .  T h is  low  va lu e  was 
re q u ire d  because th e  re c o rd in g  e le c tro d e  was a ls o  used to  
pass c u r re n t  (see l a t e r ) .  In  some e xpe rim en ts  K c u r re n ts  
were b lo cke d  by f i l l i n g  th e  re c o rd in g  e le c tro d e  w ith  2M 
CsCl s o lu t io n .
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2 .5 .3  VOLTAGE CLAMP METHOD.
V o lta g e  clamp u s in g  a s in g le  m ic ro e le c tro d e  was 
accom plished  by th e  a b i l i t y  o f th e  a m p l i f ie r  to  
c o n tin u o u s ly  s w itc h  from  a c u rre n t pass ing  mode to  a 
v o lta g e  re c o rd in g  mode a t  a h ig h  fre q u e n cy . C u rre n t was 
‘ in je c te d  f o r  50^ o f  th e  tim e  w h ile  membrane p o te n t ia l  was 
reco rded  o n ly  d u r in g  th e  in t e r v a ls  between a p p l ic a t io n  o f 
c u r re n t.  The amount o f  t im e  spent in  any one mode had to
be s u b s ta n t ia l ly  le s s  th a n  th e  tim e  c o n s ta n t o f th e  
neurone so th a t  th e  membrane p o te n t ia l d id  n o t have tim e  
to  wane a p p re c ia b ly ,  th u s  th e  e f fe c t  i s  one o f  
s im u ltaneous  c u r re n t  in je c t io n  and v o lta g e  re c o rd in g .  The 
s w itc h in g  fre qu e ncy  was v a r ia b le ,  however i n  most 4
e xpe rim en ts  th e  frequency  was s e t a t  3KHz. T h is  method o f  
re c o rd in g  p o te n t ia l  and in je c t in g  c u r re n t  t h r o u ^  th e  same 
e le c tro d e  overcomes th e  d i f f i c u l t i e s  a s s o c ia te d  w ith  
n o n - l in e a r  c u r re n t- v o lta g e  r e la t io n s h ip s  o f
m ic ro e le c tro d e  s.
The n e g a tiv e  feedback mechanism o f th e  v o lta g e  clamp 
compared th e  membrane p o te n t ia l  w ith  th e  d e s ire d  clamp 
p o te n t ia l ,  a m p lify in g  th e  d if fe re n c e  u s in g  a v a r ia b le  g a in  
(max 5000) a m p l i f ie r ,  and a d ju s t in g  th e  in je c te d  c u r re n t  
so as t o  m in im ize  t h i s  d i f fe re n c e .  The a m p l i f ie r  was a ls o  
used i n  a s w itd ie d  c u r re n t  clamp mode.
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To enab le  a neurone to  be v o lta g e  clamped adequa te ly  
th e  e le c tro d e  had to  pass c u r re n t r e l ia b ly  d u r in g  th e  
course o f th e  e xpe rim en t. E le c tro d e s  were found  to  be 
r e l ia b le  o n ly  i f  t h e i r  re s is ta n c e  was le s s  th a n  2 to  
3 M iI .  B e fo re  im p a lin g  a neurone, th e  re s is ta n c e  o f the  
re c o rd in g  e le c tro d e  was te s te d  u s in g  th e  impedance te s t  
f a c i l i t y  o f th e  a m p l i f ie r .  E le c tro d e s  w ith  re s is ta n c e s  
g re a te r  than  3M,Q. were d is c a rd e d .
The re c o rd in g  e le c tro d e  was h e ld  to  a 
m ic ro m a n ip u la to r by a s te e l s p r in g  (see F ig .2 :3 ) .  The 
s p r in g  was connected to  th e  d r iv e n  s h ie ld  o f  th e  in p u t 
p robe , th u s  re d u c in g  th e  s tra y  ca pa c ita nce  o f the  
m ic ro e le c tro d e . The g a in  o f  th e  n e g a tiv e  feedback 
a m p l i f ie r  co u ld  be s e t c lo s e  to  th e  maximum o f 5000 u s in g  
e le c tro d e s  w ith  re s is ta n c e s  o f  about 1M . However, i f  
to o  h ig h  a g a in  was used, o r  th e  e le c tro d e  re s is ta n c e  was 
to o  h ig h , th e  clamp w ou ld  o s c i l la t e .  The n e g a tive  
c a p a c ity  com pensation was s e t to  a minimum.
2 .5 .4  LIMITATIONS OF THE VOLTAGE CLAMP.
E le c tro d e s  were in s e r te d  in t o  the  soma o f  neurones. 
To check th e  space clamp o f  th e  soma a second re c o rd in g  
e le c tro d e  was p laced  i n  th e  soma. T h is  e le c tro d e  was 
connected to  a DC p r e a m p li f ie r  (N eu ro log  NL102) and was 
used to  re co rd  th e  membrane p o te n t ia l  o f  th e  soma d u r in g
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v o lta g e  clamp. Superim posed t ra c e s  o f  th e  v o lta g e  from  
bo th  a m p l i f ie r s  d u r in g  a command p u lse  to  -20mV from  a 
h o ld in g  p o te n t ia l  o f  -50mV a re  shown i n  F ig .2 :4 A . T h is  
re c o rd  i s  from  th e  F I neurone, one o f th e  la r g e s t  i n  th e  
s n a i l .  There i s  good agreement between th e  p o te n t ia l  
reco rded  by t i ie  two e le c tro d e s , in d ic a t in g  th a t  th e  space 
clamp ach ieved  i n  th e  soma was good a t  these  p o te n t ia ls .  
Steady s ta te  v o lta g e  clamp re s u lte d  i n  good space clamp o f  
th e  soma up to  h o ld in g  p o te n t ia ls  o f  -lOmV. The f i d e l i t y  
o f  th e  v o lta g e  dam p was n o t ve ry  good. However, in  th e  
rese a rch  conducted h e re , no fa s t  v o lta g e  dam p w ork was 
perfo rm ed.
2 .6  APPLICATION OF PEPTIDES.
P e p tid e s  were a p p lie d  e i t h e r  by io n o p h o re s is , 
p re ssu re  e je c t io n ,  o r ,  i n  a l im i t e d  number o f  expe rim en ts , 
by ba th  a p p l ic a t io n .  The te t r a p e p t id e s  FMRFamide, 
FL RFamide and FIRFamide have a p o s i t iv e  charge when 
d is s o lv e d  i n  d i s t i l l e d  w a te r  and co u ld  be ionophoresed . 
IGGFMRFamide co u ld  a ls o  be ionophoresed  b u t n o t as w e l l  as 
th e  te t r a p e p t id e s .  A l l  o th e r p e p tid e s  used w ere a p p lie d  
by p re ssu re  e je c t io n .
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F ig . 2 :4 .  A, t e s t in g  th e  space clamp o f  th e  Dagan 
s in g le  e le c tro d e  clam p. A second e le c tro d e  connected  to  a 
DC p re a m p li f ie r  was used to  m o n ito r the  membrane p o te n t ia l  
in d e p e n d e n tly  o f  th e  p o te n t ia l  reco rded  by th e  v o lta g e  
clamp e le c tro d e  in  an FI neurone. The h o ld in g  p o te n t ia l  
was -50mV and a 600ms command p o te n t ia l  to  -20raV was 
a p p lie d . The superim posed v o lta g e  re c o rd  from  each 
e le c tro d e  showed l i t t l e  d e v ia t io n  from  each o th e r  d u r in g  
t h i s  p ro to c o l,  s u g g e s tin g  th a t  a t  these p o te n t ia ls  th e  
soma i s  u n ifo rm ly  v o lta g e  clamped. The s p ik e s  o c c u r r in g  
d u r in g  the  d e p o la r iz in g  command a re  p ro b a b ly  undam ped 
a c t io n  p o te n t ia ls  o r ig in a t in g  i n  th e  axon. B, com parison 
o f  th e  response e l i c i t e d  by a p p lic a t io n  o f  FMRFamide by 
io n o p h o re s is  and p re ssu re  e je c t io n  in  a v is c e r a l  g a n g lio n  
neurone. 0  , io n o p h o re t ic  a p p l ic a t io n  -  200nA f o r  4 s ; ▲ , 
p ressure  e je c t io n  -  l40kP a f o r  450ms,
20mV
200ms
1nA
30s
*— 50 —
' i
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2 .6 .1  IONOPHORESIS.
Io n o p h o re s is  was perfo rm ed  u s in g  a m ic ro io n to p h o re s is  
programmer (WPI Model 1 6 0 ). Io n o p h o re t ic  p ip e t te s  were 
f i l l e d  w ith  a lOmM s o lu t io n  o f  p e p tid e  i n  d i s t i l l e d  
w a te r . The e le c tro d e s  tended  t o  b lo c k  e a s i ly .  B lo c k in g  
co u ld  be d e te c te d  by th e  appearance o f  a la rg e  a r te fa c t  
d u r in g  e je c t io n  and by th e  decrease i n  th e  e je c t io n  
c u r re n t.  To overcome t h is ,  io n o p h o re s is  e le c tro d e s  o f  low 
re s is ta n c e s  had to  be used and were th u s  p u l le d  on a 
s im i la r  s e t t in g  as re c o rd in g  e le c tro d e s . The re s is ta n c e  
o f  io n o p h o re t ic  p ip e t te s  f i l l e d  w ith  lOmM p e p tid e  s o lu t io n  
was about lOMiCl. T h is  corresponded to  a re s is ta n c e  o f 
1MX2. when th e  e le c tro d e s  w ere f i l l e d  w ith  2M K a c e ta te .
A re fe re n c e  e le c tro d e  f o r  the  io n o p h o re s is  was f i l l e d  
w ith  2M K a c e ta te  s o lu t io n  and p la ced  a an a l l  d is ta n c e  
away from  th e  io n o p h o re t ic  e le c tro d e . T h is  arrangem ent 
is o la te d  th e  io n o p h o re s is  c i r c u i t r y  from  th e  re c o rd in g  
c i r c u i t r y  and reduced th e  io n o p h o re t ic  a r t e f a c t .  E je c t io n  
c u r re n ts  were i n  th e  range o f  100 to  200nA, and e je c t io n ,  
t im e s  o f  about 3 to  5s were used. A r e ta in in g  c u r re n t o f 
around lOnA was used i n  most cases. Leakage o f  p ep tid e  
from  th e  p ip e t te  co u ld  be s u f f ic ie n t  to  cause a response 
when th e  p ip e t te  was b ro u g h t c lo se  to  th e  c e l l .  I f  
in c re a s in g  th e  r e ta in in g  c u r re n t  to  20nA d id  n o t a l le v ia te  
t h i s  le a k ,  a new io n o p h o re t ic  p ip e t te  was made. A
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compromise had t o  be reached such th a t  th e  re s is ta n c e  o f  
th e  io n o p h o re t ic  p ip e t te  was low  enough to  pass s u f f ic ie n t  
e je c t io n  c u r re n t,  y e t  h ig h  enough so th a t  p e p tid e  would 
n o t le a k  o u t.  D u rin g  th e  course o f  th e  expe rim en ts , 
in te r v a ls  between p e p tid e  e je c t io n  were ke p t as co ns ta n t 
as p o s s ib le  to  reduce any e f fe c t  th a t  th e  r e ta in in g  
c u r re n t  m ig h t have on th e  c o n c e n tra t io n  o f  p e p tid e  a t  th e  
t i p  o f  th e  io n o p h o re t ic  p ip e t te .
2 .6 .2  PRESSURE EJECTION.
P ep tides  were a ls o  lo c a l l y  a p p lie d  to  th e  soma by |
p re ssu re  e je c t io n  frcxn m ic ro p ip e tte s .  These p ip e t te s  had 
a s l ig h t ly  w id e r t i p  th a n  re c o rd in g  o r io n o p h o re s is  
e le c tro d e s  and w ere f i l l e d  w ith  a ImM s o lu t io n  o f  p e p tid e  
i n  p h y s io lo g ic a l s o lu t io n .  P ressure p u lse s  were tim ed  by 
a P ic o s p r itz e r  (G enera l V a lve  Corp. model 2 ) ,  th e  amount 
e je c te d  in c re a s in g  w ith  p re ssu re  and e je c t io n  t im e  (S a ka i,
Swartz and Woody, 1979 ). P ressure  was s u p p lie d  by a 
garden spray k i t  m o d if ie d  to  f i t  th e  P ic o s p r i t z e r .  The 
p re ssu re  was a d ju s te d  t o  about 140 kPa (20 p . s . i . )  and
e je c t io n  t im e s  v a r ie d  between 50 and 900 ms. The ra te  o f 
e je c t io n  i s  s t ro n g ly  dependent on th e  t i p  d ia m e te r o f th e  
p ip e t te .  Many a tte m p ts  had to  be made to  g e t a s u ita b le  
p ip e t te .  The e je c t io n  o f  s o lu t io n  frcsn th e  p ip e t te s  cou ld  
be observed by th e  in c lu s io n  o f  a v i t a l  dye i n  th e  
s o lu t io n  (n o rm a lly  f a s t  g re e n ). Some expe rim en ts  were 
perfo rm ed w ith  p e p tid e  s o lu t io n  c o n ta in in g  th e  dye to  g iv e
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an in d ic a t io n  o f  th e  amount e je c te d  and th e  a rea o f th e  
soma bathed  i n  th e  s o lu t io n .  The dye d id  n o t a f f e c t  th e  
p ro p e r t ie s  o f  th e  neurones. A nother method used t o  check 
th e  p ip e t te s  was to  a p p ly  a p ressu re  pu lse  w h i le  o bse rv in g  
th e  t i p  o f  th e  p ip e t te  b e fo re  b e in g  p la ce d  i n  th e  
re c o rd in g  s a l in e ,  A s a t is fa c to r y  p ip e t te  w ou ld  produce a 
sm a ll d ro p le t  about 20um in  d iam e te r when a 900ms pu lse  o f 
p re ssu re  a t  140 kPa was g iv e n . The responses o b ta in e d  
u s in g  p re ssu re  e je c t io n  were s im i la r  to  tho se  o b ta in e d  
u s in g  io n o p h o re t ic  a p p lic a t io n s  (F ig .2 :4 B ) .
Up t o  th re e  p re ssu re  e je c t io n  p ip e t te s  co u ld  be used »
d u r in g  one e xpe rim en t. They were connected t o  a s im i la r  
s ix  way ta p  as was used f o r  the  p e r fu s io n  ^ s te m . The 
p re ssu re  o u tp u t from  th e  P ic o s p r itz e r  was connected  to  th e  
c e n tre  p o s i t io n  o f  th e  ta p , th u s  th e  p re ssu re  was d ire c te d  
to  one o f  th re e  o u tf lo w s  by r o ta t in g  th e  ta p . The tap  was 
th e re fo re  used i n  th e  o p p o s ite  d i r e c t io n  as th e  p e r fu s io n  
system ( c . f .  F ig .2 :2 ) .
2 .6 .3  BATH APPLICATION.
As o n ly  a v e ry  l im i t e d  supp ly  o f  th e  p e p tid e s  was 
a v a i la b le  an a l t e r n a t iv e  to  s u p e rfu s io n  had to  be 
deve loped . The method adopted was t o  i n je c t  a sm a ll 
amount o f  p e p tid e  s o lu t io n  in t o  th e  ba th  w ith  an a u to m a tic  
p ip e t te  (G ils o n ) .  I n i t i a l l y  th e  volume o f  th e  re c o rd in g  
chamber was 0 .8 m l, t h i s  had to  be reduced t o  0 .1m l to
•1
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ensure  p ro p e r m ix in g  o f  th e  a p p lie d  s o lu t io n .  M ix in g  was 
a id e d  by g e n t le  w ith d ra w in g  and s q u i r t in g  o f  th e  s a lin e  
u s in g  th e  G ils o n  p ip e t te .  D u ring  a p p l ic a t io n  o f  th e  
p e p tid e s  th e  re c o rd in g  chamber was n o t p e rfu se d  u n t i l  th e  
response had reached a steady s ta te .
2 .7  LAYOUT OF APPARATUS.
The la y o u t o f th e  appara tus  i s  shown i n  F ig .2 :5 .  The 
re c o rd in g  chamber, , th re e  m ic rc m a n ip u la to rs , l ig h t in g  
i^ s te m , m icroscope and p e r fu s io n  system were a l l  p laced  on 
a s te e l b a s e p la te . The basep la te  re s te d  on foam ru b be r 
b lo c k s  on a ta b le ,  w h ich  i t s e l f  re s te d  on cushioned 
b lo c k s , th u s  re d u c in g  v ib r a t io n  and so a id in g  s ta b le  
re c o rd in g s .
The b a se p la te  and th e  equipment m en tioned  above were 
a l l  encased i n  a Faraday cage w hich was connected  to  e a r th  
to  reduce e le c t r i c a l  in te r fe re n c e .  The m icroscope, 
b a s e p la te  and one o f  th e  m a n ip u la to rs  were a ls o  connected 
to  e a r th .  The e a r th  used was th a t  o f  th e  T e k tro n ix  
o s c il lo s c o p e .  The e le c t r o n ic  appara tus  were mounted i n  a 
ra c k  on th e  l e f t  o f  th e  cage.
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3 .1  PROPERTIES OF THE IDENTIFIED NEURONES INVESTIGATED. |
1
In v e s t ig a t io n s  o f  th e  a c tio n s  o f  FMRFamide ^
i
n e u ro p e p tid e s  w ere made on v a r io u s  neurones i n  th e  1
c e re b ra l,  r i g h t  p a r ie ta l  and v is c e r a l  g a n g lia  o f  H e lix  
aspe rsa . Seme o f  th e  p ro p e r t ie s  o f  two f re q u e n t ly  
in v e s t ig a te d  neurones, th e  Cl and F2 neurones, a re  
d e s c r ib e d  h e re . A lthough  every neurone behaves s l ig h t l y  
d i f f e r e n t l y ,  th e  b eh a v io u r o f  these two neurones r e f le c t  
th e  g e n e ra l e le c t r i c a l  p ro p e r t ie s  o f  H e l ix  neurones.
The 01 neurone, s itu a te d  i n  each c e re b ra l g a n g lio n  
( l e f t  and r i g h t ) ,  i s  r e a d i ly  id e n t i f ia b le  by i t s  p o s i t io n  
(see F ig .3 :1 )  and la rg e  s iz e  (abou t 200 pm i n  d ia m e te r) .
T h is  neurone responded to  FMRFamide w ith  a co m b ina tio n  o f 
an in c re a s e  and decrease in  gK ( C o t t r e l l ,  1982a; C o t t r e l l ,
D av ies and Green, 1984) and has been e x te n s iv e ly  s tu d ie d .
Im m e d ia te ly  fo l lo w in g  th e  in s e r t io n  o f  an e le c tro d e ,
th e  C l neurone produced a c t io n  p o te n t ia ls ,  b u t g e n e ra lly  
a f t e r  re c o v e ry  from  im palem ent th e  neurone became
q u ie s c e n t, a c t io n  p o te n t ia ls  o c c u rr in g  o n ly  o c c a s io n a lly .
Recorded r e s t in g  p o te n t ia ls  o f Cl neurones v a r ie d  between 
-50  and -65 mV. A v o lta g e  (c u r re n t  c lam p) re c o rd in g  
o b ta in e d  frcm  a C l neurone a t  i t s  r e s t in g  p o te n t ia l  i s
shown in  F ig .3 :2 .  An example o f  an a c t io n  p o te n t ia l  
reco rded  from  a Cl neurone i s  shown i n  F ig . 3 :3 .  Th is
p a r t i c u la r  a c t io n  p o te n t ia l  had an o v e rs h o o t o f  about
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10 mV and a d u ra t io n  a t  -3 0  mV o f  9 .2  ms.
-I
Steady s ta te  c u r re n t- v o lta g e  ( I - V )  r e la t io n s h ip s  o f  i
neurones were o b ta in e d  under v o lta g e  c lam p. The h o ld in g  
p o te n t ia l  was v a r ie d  between -80  and -1 5  mV, and th e  n e t 
c u r re n t  was p lo t te d  a g a in s t  h o ld in g  p o t e n t ia l .  ïhe  I -V  
cu rves  o f  C l neurones o b ta in e d  u s in g  t h i s  method were 
n o n - l in e a r ,  w ith  de layed  r e c t i f i c a t i o n  o c c u r r in g  a t  
membrane p o te n t ia ls  more p o s i t iv e  th a n  -4 0  mV. An example 
o f  an I - V  cu rve  o f a Cl neurone i s  shown i n  ( F ig ,3 :4 ) .
There a re  many la rg e  neurones in  th e  suboesophageal 
g a n g lia  w h ich  cannot be id e n t i f ie d  a c c o rd in g  to  p o s i t io n  
and s iz e  a lone  (K e rk u t, Lam bert, G ayton, Loke r and W a lke r,
197 5 ) .  Seme c o u ld , however, be i d e n t i f i e d  by v i r t u e  o f  
t h e i r  e le c t r i c a l  and p h a rm a co lo g ica l c h a r a c te r is t ic s .  One 
such neurone i n  th e  r i g h t  p a r ie ta l  g a n g lio n  responded to  
FMRFamide w ith  a co m b in a tio n  o f  an in c re a s e  in  gNa and an 
in c re a s e  in  gK ( C o t t r e l l ,  D av ies  and Green, 1984). On th e  
b a s is  o f  i t s  p o s i t io n  i n  th e  g a n g lio n , and i t s  response to  
ACh and 5-HT, t h i s  neurone was id e n t i f i e d  as F2 ( c . f .
K e rku t e t  a l . ,  1975).
V o ltage  re c o rd in g s  o b ta in e d  from  F2 neurones 
e x h ib ite d  a h ig h  fre q u e n cy  o f  b o th  a c t io n  p o te n t ia ls  and 
p o s t s y n a p tic  p o te n t ia ls ,  ly p ic a l  v o lta g e  re c o rd in g s  o f  
th e  a c t i v i t y  o f  C l,  F I and F2 neurones a re  shown in  
F ig .3 :2 .  The a c t io n  p o te n t ia ls  re co rd e d  frc m  F2 neurones
-  56 -
were ra p id  compared w ith  th e  a c t io n  p o te n t ia ls  reco rded  
from  o th e r  H e lix  neurones, be ing  abou t th re e  tim e s  fa s te r  
than  those  re co rd ed  fro m  Cl and F I neurones ( F ig .3 :3 ) .
The I -V  r e la t io n s h ip  o f  an F2 neurone i s  shown in  
F ig .3 :5 .  Delayed r e c t i f i c a t i o n ,  s im i la r  to  t h a t  observed 
in  th e  C l neurone, o ccu rre d  a t  membrane p o te n t ia ls  more 
p o s i t iv e  than  -4 0  mV. However, anomalous r e c t i f i c a t i o n  
was a ls o  e v id e n t i n  F2 neurones a t  h y p e rp o la r iz e d  
p o te n t ia ls .  T h is  in c re a s e  in  membrane conductance w ith  
h y p e rp o la r iz a t io n  was a ls o  d e te c te d  as a decrease in  th e  
a m p litu d e  o f  e le c t r o to n ic  p o te n t ia ls  r e s u l t in g  from  
h y p e rp o la r iz in g  c u r re n t  p u ls e s . The e le c t r i c a l  p ro p e r t ie s  
m entioned above, p a r t i c u la r l y  th e  s y n a p t ic  a c t i v i t y  and 
sp ik e  d u ra t io n ,  were used to  id e n t i f y  th e  F2 neurone from  
p re p a ra t io n  to  p re p a ra t io n .
F ig .3 :1 .  Diagram showing th e  lo c a l iz a t io n  o f  the  Cl 
n e u ro n e . in  each c e re b ra l g a n g lio n . T h is  neurone co u ld  be 
id e n t i f ie d  s o le ly  by i t s  s iz e  and p o s t io n  on th e  v e n t r a l  
s id e  o f the  c e re b ra l g a n g lia .
left cerebral ganglion
cerebral commisure
\
\
/
I
}
/
inner lip nerve
C1 neurones
F ig .3 :2 .  V o lta g e  re c o rd in g s  o f  th e  e le c t r i c a l  
a c t i v i t y  observed in  C l, F2 and F I neurones. The 01 
neurone f i r e d  an a c t io n  p o te n t ia l  im m e d ia te ly  fo l lo w in g  
im palem ent (a rro w ) and the n  became q u ie s c e n t. The F2 
neurone d is p la y e d  had a la rg e  number o f  p os t s y n a p tic  
p o te n t ia ls  and f re q u e n t ly  o c c u r r in g  a c t io n  p o te n t ia ls .  
The FI neurone e x h ib ite d  a b u r s t in g  p a t te rn  w h ich  was 
endogenous and c h a r a c te r is t ic  o f  th e  F I .
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F ig .3 :3 .  Comparison o f  th e  a c t io n  p o te n t ia ls  re co rd ed  
from  th e  C l, FI and F2 neurones. The d u ra t io n  o f  the  
a c t io n  p o te n t ia ls  a t  -3 0  mV were 9 .2  and 11.2 ms f o r  th e  
Cl and F I neurones re s p e c t iv e ly  w h ile  f o r  th e  F2 neurone 
th e  d u ra t io n  was much s h o r te r ,  b e in g  o n ly  3 ms.
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3 .2  THE EFFECT OF FMRFamide ON IONIC CONDUCTANCES.
The e f fe c t s  o f  FMRFamide on H e lix  neurones were 
in v e s t ig a te d  by io n o p h o re t ic  a p p l ic a t io n  o f  the  p e p tid e  
on to  th e  scxna o f  in d iv id u a l  neurones. Some o f the  a c t io n s  
o f  FMRFamide, p a r t i c u la r l y  on th e  C1 neurone, have been 
in v e s t ig a te d  p re v io u s ly  by C o t t r e l l  ( 197 8, 1979, 1982a).
I  have con firm ed  many o f  th e  r e s u l t s  p u b lis h e d  by 
C o t t r e l l ,  and a ls o  undertaken  a more d e ta i le d  
in v e s t ig a t io n  o f  th e  io n ic  mechanisms in v o lv e d  i n  
p ro du c in g  th e  FMRFamide responses.
Three d i f f e r e n t  responses to  FMRFamide have been 
observed :
(1 ) in c re a se  in  gK
(2 ) in c re a s e  i n  gNa
(3 ) decrease in  gK
( C o t t r e l l ,  D avies and Green, 1984). R ecen tly  Boyd and 
W alker (1985) have re p o rte d  d e p o la r iz in g  and 
h y p e rp o la r iz in g  responses to  FMRFamide in  neurones o f  th e  
suboesophageal g a n g lia  o f H e l ix . Many neurones responded 
w ith  a com b ina tio n  o f  two o r more o f th e  above responses, 
in  some in s ta n c e s  making th e  a n a ly s is  o f  the  io n ic  
mechanisms c o m p lic a te d . T h is  was e s p e c ia l ly  t ru e  o f  th e  
Cl neurone w h ich  responded to  FMRFamide w ith  a co m b ina tio n
-  5 8 -
o f  an in c re a s e  in  gK and a v o lta g e -d e p e n d e n t decrease in  
gK ( C o t t r e l l ,  1982a). The c o m b in a tio n  o f  responses 
o c c u r r in g  on s in g le  neurones has im p l ic a t io n s  re g a rd in g  
m u lt ip le  re c e p to r  s i t e s  f o r  FMRFamide and re la te d  p e p tid e s  
on H e l ix  neurones. T h is  w i l l  be d iscu ssed  i n  d e t a i l  
l a t e r .
Most o f  th e  e xpe rim en ts  re p o rte d  h e re  were repea ted  
a t  le a s t  3 o r 4 t im e s . However, in  some cases th e  number 
o f  e xpe rim en ts  pe rfo rm ed  was l im i t e d .  In  such cases th e  
number o f  th e  e xpe rim en ts  conducted (n ) w i l l  be 
in d ic a te d .
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3.3  the h y p e r p o la r iz in g  response.
3 .3 .1  pr o p er ties  of the  HYPERP0LAR3ZATI0N INDUCED BY 
FMRFamide.
In  a d d i t io n  to  th e  Cl neurone i n  each c e re b ra l 
g a n g lio n , many neurones i n  th e  suboesophageal g a n g lia  were 
h y p e rp o la r iz e d  by FMRFamide. In  th e  Cl neurone, FMRFamide 
induced a v o lta g e  dependent inw ard  c u r re n t  a t  membrane 
p o te n t ia ls  more p o s i t iv e  th a n  -40  mV ( C o t t r e l l ,  1982a). 
However, i n  maz^ neurones o f  th e  suboesophageal g a n g lio n , 
FMRFamide appeared to  a c t iv a te  a h y p e rp o la r iz in g  response 
a lo n e . D u rin g  v o lta g e  dam p, th e  response was d e te c te d  as 
an outw ard  c u r re n t  (see F ig .3 :6 ) .
The r e la t io n s h ip  between th e  FMRFamide induced 
c u rre n t and membrane p o te n t ia l  was o b ta in e d  by a p p ly in g  
FMRFamide w h i le  th e  neurone was v o lta g e  dam ped a t  v a r io u s  
h o ld in g  p o te n t ia ls .  The n o n - l in e a r i t y  o f  th e  r e la t io n s h ip  
between th e  FMRFamide induced c u r re n t  and th e  h o ld in g  
p o te n t ia l  i s  ;^ow n i n  F ig .3 :7 .  When th e  h o ld in g  p o te n t ia l  
was more n e g a tiv e  th a n  -7 5  mV, th e  outw ard  c u rre n t was 
re ve rse d  to  an in w a rd  c u r re n t .
F ig .3 :6 .  A, a p p l ic a t io n  o f FMRFamide (A) o n to  a Cl 
neurone d u r in g  v o lta g e  clamp induced  an ou tw a rd  c u r re n t  a t  
a l l  p o te n t ia ls  shown he re . The h o ld in g  p o te n t ia l  (mV) i s  
in d ic a te d  by th e  s id e  o f  each re c o rd . B, th e  
h y p e rp o la r iz in g  response re co rd ed  d u r in g  c u r re n t  clam p. 
The a m p litu d e  o f  e le c t r o to n ic  p o te n t ia ls  r e s u l t in g  from  
th e  a p p l ic a t io n  o f  co n s ta n t a m p litu d e  h y p e rp o la r iz in g  
p u lse s  was reduced  d u r in g  th e  response , s u g g e s tin g  th a t  
th e  conductance o f  th e  neurone was in c re a s e d . C, in  a Cl 
neurone v o lta g e  clamped a t  -25  mV, th e  a m p litu d e  o f  
c u r re n t  d e f le c t io n s  r e s u l t in g  from  15 mV h y p e rp o la r iz in g  
command p u ls e s  was increased d u r in g  th e  response, a g a in  
s u g g e s tin g  an in c re a s e  in  conductance.
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F ig .3 :7 .  The r e la t io n s h ip  between h o ld in g  p o te n t ia l  
and th e  a m p litu d e  o f th e  FMRFamide induced c u r re n t  in  a 
v o lta g e  clamped Cl neurone. The response re ve rse s  between 
-7 0  and -80 mV, w hich i s  d o s e  to  in  s n a i l  neurones. 
Vh, h o ld in g  p o te n t ia l .
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3 .3 .2  IONIC MECHANISM OF THE HYPERPOLARIZING RESPONSE.
H y p e rp o la r iz in g  responses may o ccu r e i t h e r  by a 
re d u c t io n  i n  a steady s ta te  inw a rd  c u r re n t ,  r e s u l t in g  frcxn 
a decrease i n  conductance, o r  by th e  g e n e ra tio n  o f  an 
outw ard  c u r re n t,  r e s u l t in g  from  an in c re a s e  in  
conductance. An in d ic a t io n  o f  th e  change i n  conductance 
o c c u r r in g  i n  a neurone may be o b ta in e d  by p a ss in g  co n s ta n t 
a m p litu d e  c u r re n t p u ls e s  in t o  th e  c e l l  a t  re g u la r  
in t e r v a ls .  P rov ided  th e  p u lses  a re  lo n g  enough to  f u l l y  
charge th e  ca pac itance  o f th e  membrane, th e  r e s u l t in g  
v o lta g e  d e f le c t io n s  a re  p ro p o r t io n a l to  th e  r e s is t iv e  
conductance o f  the  membrane. The method d u r in g  v o lta g e  
clamp i s  to  app ly  re g u la r  v o lta g e  command s tep s  w h ile  
m o n ito r in g  th e  a m p litu d e  o f  th e  r e s u l t in g  c u rre n t 
d e f le c t io n s .
The a m p litu d e  o f  th e  v o lta g e  d e f le c t io n s  produced by 
in je c t in g  co n s ta n t a m p litu d e  h y p e rp o la r iz in g  c u rre n t 
p u lse s  was decreased d u r in g  th e  a p p l ic a t io n  o f  FMRFamide 
( F ig .3 :6 ) .  The e f fe c t  was a ls o  observed as an in c re a s e  in  
th e  a m p litu d e  o f  c u r re n t  d e f le c t io n s  r e s u l t in g  from  
command p u ls e s  d u r in g  v o lta g e  clamp. These o b s e rv a tio n s  
s t ro n g ly  suggest th a t  th e  h y p e rp o la r iz in g  response i s  
accompanied by an in c re a s e  i n  conductance. However, ca re  
must be take n  i n  in t e r p r e t in g  such o b s e rv a tio n s  as p o in te d  
o u t by D in g le d in e  (1 9 8 3 ), see a ls o  page 124.
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F o r a h y p e rp o la r iz in g  response r e s u l t in g  frcan an 
in c re a s e  in  conductance to  o ccu r, th e  io n ic  sp e c ie s  
in v o lv e d  m ust have a combined e q u il ib r iu m  p o te n t ia l  w h ich  
i s  more n e g a tiv e  th a n  th e  r e s t in g  p o te n t ia l  o f  the  c e l l .  
Two io n ic  s p e c ie s  w i th  an e q u il ib r iu m  p o te n t ia l  n e g a tiv e  
to  th e  r e s t in g  p o te n t ia l  a re  C l”  and io n s . The
response i s  u n l ik e ly  to  in v o lv e  an in c re a s e  in  gCl s in ce  
i t  was u n a ffe c te d  by a 75% re d u c t io n  i n  e x t r a c e l lu la r  C l" 
c o n c e n tra t io n  ( C o t t r e l l ,  D avies and Green, 1984).
The re v e rs a l p o te n t ia l  o f  th e  response was c lo se  to  
th e  K e q u i l ib r iu m  p o te n t ia l  (E^J o f  H e lix  neurones. 
F u rthe rm ore , when th e  e x t r a c e l lu la r  K c o n c e n tra t io n  was 
a lte r e d ,  th e re  was a co nco m ita n t s h i f t  i n  th e  re v e rs a l 
p o te n t ia l  o f  th e  response . The e f f e c t  o f  re d u c in g  th e  
e x te rn a l K c o n c e n tra t io n  from  5 to  1 mM on th e  am p litud e  
and d i r e c t io n  o f  th e  FMRFamide induced  c u r re n t  in  a 
v o lta g e  clamped C l neurone i s  shown in  F ig . 3 :8 .  Reducing 
th e  e x te rn a l K c o n c e n tra t io n  causes a s h i f t  o f  E^ in  th e  
n e g a tiv e  d i r e c t io n .  The change expected , as c a lc u la te d  
u s in g  th e  ' N e rn s t e q u a tio n , i s  -4 0 .6  mV. I f  the  
h y p e rp o la r iz a t io n  e l i c i t e d  by FMRFamide was due to  a pure 
in c re a s e  in  gK, th e n  th e  re v e rs a l p o te n t ia l  o f  the  
response shou ld  f o l lo w  E^ e x a c t ly .  The observed change in  
th e  re v e rs a l p o te n t ia l  o f  th e  FMRFamide response was 
-40  mV (see  F ig .3 :8 ) .  T h is  c lo s e  agreem ent w ith  E^ . 
suggested t h a t  th e  response was due to  an in c re a s e  in
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conductance, m a in ly  i f  n o t e x c lu s iv e ly  to  io n s .
3 .3 .3  EFFECT OF K CHANNEL BLOCKERS.
A number o f  compounds b lo c k  K c u r re n ts  in  m o lluscan  
nerve c e l ls  (Adams, Sm ith and Thompson, 1980). Among 
th e se , te trae thy lam m on ium  (TEA) has been shown to  b lo c k  
de layed outw ard K c u r re n ts  in  A o lv s ia  (Hermann and Gorman, 
1981k) and T r i to n ia  (Thompson, 1977), and b o th  delayed and 
Ca a c t iv a te d  K c u r re n ts  in  H e lix  (Meech and Standen, 
1975).
Exposure o f  th e  p re p a ra t io n  to  30 mM TEA reduced th e  
am p litu d e  o f  th e  FMRFamide response. TEA was s u b s t itu te d  
f o r  NaCl as shown in  th e  methods s e c t io n .  A lthough 
n e ith e r  Na^ io n s  n o r C l”  io n s  a re  in v o lv e d  in  th e  
response, c o n t ro l c u r re n ts  were o b ta in e d  u s in g  s o lu t io n s  
in  w h ich  a co rre sp o n d in g  amount o f  NaCl was s u b s t itu te d  
w ith  sucrose . The a t te n u a t io n  o f  th e  response o f a 
neurone in  th e  r i g h t  p a r ie ta l  g a n g lio n  d u r in g  th e  presence 
o f  30 mM TEA i s  shown in  F ig .3 :9 .  The c o n c e n tra t io n  o f  
TEA used i s  s im i la r  to  th e  c o n c e n tra t io n  re p o r te d  to  b lo c k  
tim e  and v o lta g e  dependent K c u r re n ts  in  m o lluscan  
neurones, f o r  example Meech and Standen (1975) used 100 mM 
to  b lo c k  b o th  de layed  and Ca a c t iv a te d  K c u r re n ts  in  
H e l ix , and Hermann and Gorman (1981b) used 50 mM TEA to  
b lo c k  th e  de layed  K c u r re n t  in  A o lv s ia .
F ig .3 :8 .  The r e la t io n s h ip  between response a m p litu d e  
and h o ld in g  p o te n t ia l  fo l lo w in g  io n o p h o re s is  o f  FMRFamide 
on to  a v o lta g e  clamped Cl neurone. Reducing th e  e x te rn a l 
K c o n c e n tra t io n  from  5 ( #  ) to  1 mM ( g )  re s u lte d  in  a 
concom itan t change in  th e  re v e rs a l p o te n t ia l  from  -7 0  to  
—110 mV.
1.2
0.8
1 mM K
0.4
5 mM K
mV130 110
-0.4 L
Â : -  „  : î- 'ifii.-
F ig .3 :9 .  The e f fe c t  o f  TEA on th e  K response o f  a 
neurone in  th e  r ig h t  p a r ie ta l  g a n g lio n . The presence o f 
30 mM TEA in  th e  b a th in g  s o lu t io n  le d  to  a marked 
re d u c t io n  in  th e  a m p litude  o f the  FMRFamide induced 
response . A, ou tw ard  c u rre n ts  observed to  io n o p h o re t ic  
a p p l ic a t io n  o f  FMRFamide (A) w h ile  th e  neurone was 
v o lta g e  clamped a t  -40  mV. The downward d e f le c t io n s  in  
th e  c o n tro l t ra c e  were p robab ly  undamped axon s p ik e s . B, 
r e la t io n s h ip  between membrane p o te n t ia l  and th e  am p litude  
o f  the  FMRFamide induced c u r re n t  in  th e  presence and 
absence o f TEA. 30 mM TEA was s u b s t itu te d  f o r  the  
co rre sp o n d in g  amount o f NaCl (see t e x t ) .  Vh, h o ld in g  
p o te n t ia l .
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I n t r a c e l lu la r  Cs^ io n s  have been employed to  b lo c k  K 
c u r re n ts  o f  bo th  H e lix  (A k a ik e , Lee and Brown, 1978) and 
A o lv s ia  neurones ( T i l lo t s o n  and Horn, 197 8 ) , In  t h is  
s tu d y , Cs’*’ io n s  w ere  in je c te d  in t r a c e l l u l a r l y  us ing  
re c o rd in g  e le c tro d e s  f i l l e d  w ith  2M CsCl. A f te r  
im pa lem ent, the  in je c t io n  o f  Cs in t o  th e  c e l l  was 
f a c i l i t a t e d  by p a ss in g  a p o s i t iv e  c u r re n t  th rough  th e  
e le c tro d e . G e n e ra lly  th e  e f f e c t  o f  Cs was observed a f t e r  
2 to  M m in u te s . T h is  was e v id e n t as a decrease  in  outward 
c u r re n t  re q u ire d  to  v o lta g e  clamp th e  c e l l  a t  d e p o la rize d  
p o te n t ia ls .  The I - V  cu rve  o f  a neurone, ob ta ined  15 
m inu tes  fo l lo w in g  im pa lem ent w ith  a CsCl e le c tro d e , i s  
shown i n  F ig .3 :1 0 . The e f f e c t  o f  i n t r a c e l l u l a r  Cs on th e  
FMRFamide induced K c u r re n t  was in v e s t ig a te d  by im p a lin g  a 
Cl neurone w ith  a CsCl e le c tro d e , v o lta g e  c lam ping th e  
neurone a t  -40  mV, th e n  a p p ly in g  FMRFamide a t  re g u la r  
in t e r v a ls  ( F ig .3 :1 1 ) .  The FMRFamide response  r a p id ly  
d e c lin e d  w ith  t im e , and a f t e r  7 m inu tes  i t  was v i r t u a l l y  
a b o lis h e d . There was a ls o  an accompanying decrease in  th e  
s teady s ta te  K c u r re n ts .  In  A p ly s ia , a s low  c h o l in e rg ic  
IPSP r e s u l t in g  f r o n  an in c re a s e  in  gK i s  a ls o  b locked  by 
in t r a c e l l u l a r  Cs (Kehoe, 1972a}.
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F ig .3 :1 1 . The e f fe c t  o f  in t r a c e l l u la r  Cs on th e  K 
response induced  by FMRFamide. A, c u r re n t  t ra c e  o b ta in e d
from  a 01 neurone v o lta g e  clamped a t  -40  mV. A t p o in t  1
th e  c e l l  was im pa led  w ith  a CsCl f i l l e d  re c o rd in g  
e le c tro d e  and a t  p o in t  2 th e  c e l l  was v o lta g e  clamped. 
Io n o p h o re t ic  a p p l ic a t io n  o f  FMRFamide (▼ ) produced 
ou tw ard  K c u r re n t  responses w h ich  r a p id ly  d im in is h e d  w ith  
tim e . B, th e  a m p litu d e  o f  the  c u r re n t  responses o f a
d i f f e r e n t  e xpe rim en t p lo t te d  a g a in s t t im e  a f t e r
im pa lem ent. The response was v i r t u a l l y  a b o lis h e d  a f t e r  7 
m in u tes .
2.5nA
60s
timeCmin]
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3 .3 .4  RELAXATION EXPERIMENTS ON THE HYPERPOLARIZING 
RESPONSE.
R e la x a tio n  o r v o lta g e  jump e xp e rim e n ts  were perform ed 
u s in g  a v o lta g e  clamp a m p l i f ie r  based on th e  des ign  o f  
Lee, Akaike  and Brown (1 9 8 0 ). T h is  a m p l i f ie r  cou ld  
v o lta g e  clamp a neurone much fa s te r  th a n  th e  sw itched  
s in g le  e le c tro d e  clamp i^ s te m , and c o u ld  be used i n  both  
s in g le  and doub le  e le c tro d e  clamp mode.
R e la x a tio n  e xpe rim en ts  have p ro v id e d  v a lu a b le  
in fo rm a t io n  about th e  mechanisms o f  n e u ro tra n s m it te r  
a c t io n s  (e .g .  Neher and Sackman, 1975; M arty  and Ascher,
1978; Adams and Brown, 1980). A r e la x a t io n  experim ent 
in v o lv e d  com paring th e  c u r re n ts  e l i c i t e d  by a command 
p o te n t ia l  i n  th e  presence and absence o f  FMRFamide. The 
c u r re n ts  o b ta in e d  when a Cl neurone was v o lta g e  damped a t  
-5 0  mV, and a command pu lse  to  -120 mV a p p lie d  i s  a^own i n  
F ig .3 Î 12. The c o n tro l c u r re n ts  and th e  c u r re n ts  observed 
i n  th e  presence o f  FMRFamide were superim posed on a 
s to ra g e  o s c il lo s c o p e . The FMRFamide was a p p lie d  by 
in je c t in g  20 p i  o f  a 1 mM s o lu t io n  o f  FMRFamide to  th e  
re c o rd in g  chamber. FMRFamide produced an ou tw ard  c u rre n t 
a t  -50  mV, w hich was re ve rse d  t o  an in w a rd  c u rre n t a t  
-120  mV (n = 1 ) . The FMRFamide induced  c u r re n t  was o b ta in e d  |
by s u b tra c t in g  th e  c o n tro l c u rre n t frcan th e  c u rre n t i n  th e  I
th e  presence o f  FMRFamide. The FMRFamide induced
F ig .3 :1 2 .  An example o f  a re la x a t io n  expe rim en t 
conducted on a Cl neurone. The c e l l  was v o lta g e  clamped 
a t  -50  mV and a command p o te n t ia l  to  -120 mV a p p lie d , 
f i r s t  i n  th e  absence, and th e n  in  the  presence o f 
FMRFamide. Both tra c e s  a re  superim posed h e re . The arrow s 
d es ig n a te  the  d i r e c t io n  and approxim ate  am p litud e  o f  the  
FMRFamide induced  c u r re n ts .  I in ( - 5 0 )  and I in ( - 1 2 0 ) ,  
in s ta n ta n e o u s  c u r re n ts ;  Is s ( -5 0 )  and Is s ( - 1 2 0 ) ,  s teady 
s ta te  c u r re n ts .
lin(-50)
lOOnA
2 0 0 m s
50
120
— 65 -
conductance was c a lc u la te d  fro m :
®Fa ”  (3 .1 )
where and a re  th e  FMRFamide induced  conductance
and c u r re n t  r e s p e c t iv e ly .  A va lu e  o f  -8 0  mV was assumed 
f o r  and V had th e  v a lu e s  o f  -5 0  and -120 mV. The ■%
FMRFamide induced  conductance ju s t  b e fo re , d u r in g , and 
a f t e r  th e  command s te p  i s  shown in  F ig .3 :1 3 .  Im m ed ia te ly  
fo l lo w in g  th e  s te p  frcM  -50  to  -120 mV th e  conductance
f e l l  to  a new va lu e  w h ich  re f le c te d  th e  r e c t i f i c a t i o n
o c c u rr in g  in  th e  FMRFamide a c t iv a te d  ch an n e ls . The
assum ption  made in  a p p ly in g  t h is  argum ent i s  th a t  th e re  i s
no in s ta n ta n e o u s  change in  th e  number o f  FMRFamide 
a c t iv a te d  channe ls  w h ich  a re  open. The decrease o f  the  
conductance o c c u r r in g  d u r in g  th e  s te p  i s  th e  re la x a t io n  o f  |
th e  conductance to  i t s  new steady s ta te  v a lu e  a t  -120 mV.
On s te p p in g  back to  -5 0  mV th e re  i s  a g a in  an in s ta n ta n e o u s  
change in  th e  conductance, w h ich  su bse q ue n tly  in c reased  to  
i t s  s teady s ta te  v a lu e  a t  -50  mV. The r a t i o  o f  the  s in g le  
channel conductance { ÿ ) a t  -120 mV to  t h a t  a t  -50  mV i s  
g iv e n  by :
J ( - 1 2 0 ) /  j ( - 5 0 )  = g g g (-1 2 0 ) /g ^ ^ ( -5 0 )  (3 .2 )
where g^^  and g^^ a re  th e  in s ta n ta n e o u s  and s teady s ta te  
conductances re s p e c t iv e ly .  T h is  r a t io ,  w h ich  r e f le c t s  th e  
r e c t i f i c a t i o n  o f  th e  channels as m entioned  above, was
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The r e la x a t io n  o f the  FMRFamide induced  conductance 
to  a new va lu e  fo l lo w in g  a v o lta g e  jump im p lie d  th a t  th e  
number o f  channe ls  open a t  a ry  one tim e  i s  a fu n c t io n  o f 
v o lta g e .  The steady s ta te  FMRFamide in duced  conductance 
(ggg) a t  a p o te n t ia l  V i s  g ive n  by:
Ssg(V) = N ^g (V ). y (V )  (3 .3 )
where i s  th e  steady s ta te  number o f open channels
a t  p o te n t ia l  V, and ^  (V) i s  th e  s in g le  channel 
conductance a t  p o te n t ia l  V. D iv id in g  t h i s  e q u a tio n  f o r  
V = -120 w ith  th a t  f o r  V=-50 g iv e s :
Ssst-IZO) N3^(-120) ^ ( -1 2 0 )
B gg (-50 ) Ngg(-SO) y (-5 0 )
Combining e q u a tio n s  (3 .2 )  and (3 .4 )  and re a r ra n g in g  g iv e s :
N gg (-120 )/N gg^-50 ) = g in ( -5 0 ) /g g g ( -5 0 )  (3 .5 )
w h ich , upon in s e r t in g  th e  a p p ro p r ia te  v a lu e s , gave:
N ( -1 2 0 ) /N  ( -5 0 )  = 0 .688 88
T h e re fo re , th e  s teac^ s ta te  number o f FMRFamide a c t iv a te d
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channe ls  open a t  -120  mV i s  o n ly  60$ o f  th e  number open a t  
-5 0  mV.
A s e m i- lo g a r ith m ic  p lo t  o f  th e  r e la x a t io n  a f t e r  
s te p p in g  from  -120  to  -5 0  mV was l in e a r ,  im p ly in g  t h a t  th e  
r e la x a t io n  fo llo w e d  a s in g le  e x p o n e n tia l,  w h ich  had a tim e  
c o n s ta n t o f  136 ms ( F ig .3 :1 4 ) .  I t  i s  in t e r e s t in g  to  n o te  
th a t  th e  decrease in  conductance fo l lo w in g  a 
h y p e rp o la r iz in g  s te p  c o n tra s ts  w ith  th e  s i t u a t io n  
o c c u r r in g  d u r in g  th e  ACh induced K c u r re n t  in  A o lv s ia . 
where th e  conductance fo l lo w in g  a h y p e rp o la r iz in g  s te p  
in c re a s e s  w ith  tim e  (M a rty  and Ascher, 197 8 ) .
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F ig . 3 : l4 .  S e m i- lo g a r ith m !G p lo t  o f  the  in c re a s e  in  
th e  FMRFamide induced  conductance fo l lo w in g  th e  s te p  back 
from  -120  to  -5 0  mV. The d a ta  i s  th a t  o f  F ig .3 :1 3 . A 
va lu e  o f 1 .96x10” ^ S was g iv e n  to  g û^ , which i s  the  steady 
s ta te  conductance induced  by FMRFamide a t a h o ld in g  
p o te n t ia l  o f  -5 0  mV. The r e la x a t io n  o f th e  conductance to  
i t s  s teady s ta te  va lu e  appears e x p o n e n tia l,  w ith  a tim e  
co n s ta n t o f 136 ms.
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3 .4  THE DEPOLARIZING RESPONSE.
3 .4 .1  PROPERTIES OF THE DEPOLARIZATION INDUCED BY 
FMRFamide.
Not as many neurones were d e p o la r iz e d  as were 
h y p e rp o la r iz e d  by FMRFamide. F u rthe rm ore , tw o  neurones 
w h ich  gave a d e p o la r iz in g  response to  FMRFamide were 
su bsequen tly  found to  respond w ith  a co m b in a tio n  o f  two 
d i f f e r e n t  conductance mechanisms. These w ere  th e  C2 
neurone i n  each c e re b ra l g a n g lio n  and th e  F2 neurone in  
th e  r ig h t  p a r ie ta l  g a n g lio n , bo th  o f w h ich  gave a m ixed 
response in v o lv in g  an in c re a s e  i n  gNa and gK. However, a 
neurone i n  th e  v i c i n i t y  o f  E l3 in  th e  v is c e r a l  g a n g lio n  
appeared to  g iv e  a pure  d e p o la r iz in g  response to  
FMRFamide.
In  c o n tra s t  to  th e  h y p e rp o la r iz a t io n ,  repea ted  
a p p l ic a t io n  o f  FMRFamide le d  to  a ra p id  des e n s i t iz a t io n  o f 
th e  d e p o la r iz in g  response ( F ig .3 :1 5 ) .  Under v o lta g e  dam p 
c o n d it io n s ,  th e  response was d e te c te d  as  an in w a rd  
c u r re n t .  The r e la t io n s h ip  between response a m p litu d e  and 
h o ld in g  p o te n t ia l  was l in e a r  over the  range in v e s t ig a te d  
( F ig .3 : l6 A ) .  The a m p litu d e  o f  th e  c u r re n t  e l i c i t e d  by J
FMRFamide in c re a s e d  as th e  c e l l  was h ype r p o la r iz e d  and J1
decreased as th e  c e l l  was d e p o la r iz e d , a l t h o u ^  re v e rs a l i
o f th e  response was n o t observed. I
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3 .4 .2  IONIC MECHANISM OF THE DEPOLARIZING RESPONSE.
As w ith  th e  h y p e rp o la r iz a t io n ,  the  a m p litu d e  o f 
c u r re n t  d e f le c t io n s  r e s u l t in g  frcxn re g u la r  command p u lse s  
d u r in g  v o lta g e  clamp was in c re a se d  d u r in g  th e  response. 
Th is  im p lie d  t h a t  th e  d e p o la r iz in g  response was a ls o  
a s s o c ia te d  w ith  an in c re a s e  in  membrane conductance. By 
the  same argum ent as was used f o r  th e  h y p e rp o la r iz a t io n ,  a 
d e p o la r iz in g  response a s s o c ia te d  w ith  an in c re a s e  in  
conductance must in v o lv e  an io n ic  sp ec ies  w ith  an 
e q u il ib r iu m  p o te n t ia l  w hich i s  p o s i t iv e  to  th e  re s t in g  
p o te n t ia l .  T\?o io n s  w h ich  s a t is f y  t h is  re q u ire m e n t a re  
Na^ and Ca^* io n s .
I f  th e  d e p o la r iz a t io n  in v o lv e d  an in c re a s e  in  gNa, 
then  re d u c in g  th e  e x t r a c e l lu la r  Na c o n c e n tra t io n  w ou ld  
le a d  to  an a t te n u a t io n  in  th e  a m p litu d e  o f th e  response . 
Exposure o f  th e  p re p a ra t io n  to  z e ro  Na s o lu t io n  co m p le te ly  
a b o lis h e d  th e  c u r re n t  induced by FMRFamide a p p l ic a t io n .  
T h is  e f f e c t  was observed o v e r a range o f  h o ld in g  
p o te n t ia ls  from  -7 0  to  -3 0  mV ( F ig .3 : l6 B ) .  The 
a b o l i t io n  o f  th e  response in  z e ro  Na suggests  t h a t  Na* 
io n s  a re  th e  p redom inant charge c a r r ie r s  p ro d u c in g  th e  
d e p o la r iz a t io n .
-hi
F ig .3 :1 6 . A, p lo t  o f  th e  am p litud e  o f the  FMRFamide 
induced in w a rd  c u r re n t  i n  a v is c e r a l g a n g lio n  neurone 
v o lta g e  clamped a t  v a r io u s  h o ld in g  p o te n t ia ls .  B, e f fe c t  
o f  ze ro  Na on t h i s  response. Exposure o f  th e  p re p a ra tio n  
to  ze ro  Na (NaCl re p la ce d  w ith  sucrose) co m p le te ly  
a b o lis h e d  th e  response, w h ich  recovered  a f t e r  a tim e  in  
normal s o lu t io n .  Note the  d if fe re n c e  in  s c a le , h o ld in g  
p o te n t ia l  was -40  mV.
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3 .4 .3  EFFECT OF CHANNEL BLOCKERS.
As shown p re v io u s ly ,  30 mM TEA m arked ly  reduced th e  
FMRFamide induced  K c u r re n t .  T h is  c o n c e n tra t io n  o f  TEA 
appeared to  have no e f f e c t  on th e  FMRFamide induced inw a rd  
Na c u r re n t  re co rd ed  frc m  a neurone i n  th e  v i c i n i t y  o f  E l3 
in  th e  v is c e r a l  g a n g lio n  ( F ig .3 :1 7 ) .  T h is  r e s u l t  im p lie d  
th a t  th e  response to  FMRFamide in  t h i s  neurone was n o t 
contam inated by th e  in c re a s e  in  gK response to  FMRFamide. 
However, i t  does n o t r u le  o u t th e  p o s s ib i l i t y  th a t  K"*" io n s  
c ro ss  th e  membrane d u r in g  t h i s  response . Fo r example, th e  
d e p o la r iz a t io n  induced  by ACh in  H e lix  oom atia  neurones 
c o n s is ts  o f  an in c re a s e  i n  p e rm e a b ili ty  to  Na^, K^ and 
Ca^^ io n s  in  th e  r a t i o  1 : 1.6 : 0.1 (W it te ,  Speckmann and 
Walden, 1985). A scher, M arty and N ie ld  (197 8) have 
re p o rte d  s im i la r  conductance mechanisms o c c u r r in g  in
A p ly s ia  neurones d e p o la r iz e d  by ACh. These io n s  a re  
b e lie v e d  to  pass th ro u g h  a f a i r l y  la rg e  ch an n e l, permeable 
to  a l l  th re e  io n s .  I f  th e  FMRFamide induced 
d e p o la r iz a t io n  in v o lv e d  th e  a c t iv a t io n  o f  a s im i la r  c a t io n  
s e le c t iv e  channe l, th e n  TEA, and o th e r  K channel b lo c k e rs  
such as Cs^ io n s  (see be low ) would n o t  d is c r im in a te  
a g a in s t K^ io n s  p ass ing  th rou g h  t h is  ty p e  o f  channe l.
F ig .3 :1 7 .  A, th e  e f fe c t  o f  TEA on the  d e p o la r iz in g  
response re co rd ed  under v o lta g e  clam p. Exposure o f th e  
p re p a ra t io n  to  30 mM TEA d id  n o t a f f e c t  the  a m p litu d e  o f  
th e  FMRFamide induced  in w a rd  c u r re n t  over a range o f  
h o ld in g  p o te n t ia ls  between -7 0  and -30 mV. TEA was 
s u b s t i tu te d  f o r  a co rre sp o n d in g  amount o f NaCl. ( # )  
c o n t r o l ,  ( ■ )  30 mM TEA. The s o l id  l in e  was f i t t e d  by eye 
th rou g h  the  c o n t ro l p o in ts  and th e  broken l in e  was f i t t e d  
by eye th rough  th e  TEA p o in ts .  B, in f lu e n c e  o f 1 mM Co on 
th e  d e p o la r iz in g  response re co rd ed  frcm  an F2 neurone. 
There was no appa ren t decrease in  th e  am p litud e  o f  th e  
response a f t e r  8 m inu tes  in  Co s o lu t io n .  These c u r re n t  
re co rd s  were o b ta in e d  a t  a h o ld in g  p o te n t ia l  o f  -7 0  mV. 
There i s  e x te n s iv e  s y n a p t ic  a c t i v i t y  p resen t on these  
re c o rd s . The re c o rd in g  e le c tro d e  was f i l l e d  w ith  CsCl 
(see la t e r  in  t e x t ) .
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j
N -m ethy l a s p a rta te  a c t iv a te s  a v o lta g e  s e n s it iv e  Ca 
c u r re n t  i n  r a t  h ippocam pal neurones (D in g le d in e , 1983).
T h is  a g o n is t  a c t iv a te d  Ca c u r re n t  i s  b locked  by 
c o n v e n tio n a l Ca channel b lo c k e rs  such as Co. The Ca 
c u r re n t  o f  H e lix  neurones i s  a ls o  b lo cked  by Co a t  
c o n c e n tra t io n s  o f  1 mM (A ka ike , Lee and Brown, 1978;
B arnes, C o t t r e l l  and Dunbar, 1985). The d e p o la r iz in g  
response to  FMRFamide was u n a ffe c te d  by 1 mM Co (n=2.
F ig .3 :1 7 ) ,  a lth o u g h  th e  same argum ent a p p lie s  he re  as f o r  
th e  case o f  TEA d e sc rib e d  above.
The e f f e c t  o f  in t r a c e l l u la r  Cs on th e  FMRFamide 
induced  inw a rd  c u r re n t  was in v e s t ig a te d  u s in g  a s im i la r  
p ro to c o l as f o r  th e  h y p e rp o la r iz in g  response . D e sp ite  a |
re d u c t io n  i n  th e  outward K c u r re n ts ,  th e  FMRFamide
response rem ained u n a lte re d .
The marked re d u c t io n  in  outward K c u r re n ts  d u r in g  th e  
presence o f  Cs"** io n s  i n  th e  c e l l  was used advan tageously  
to  v o lta g e  clamp th e  neurone a t  more p o s i t iv e  p o te n t ia ls  
th a n  was o th e rw is e  p o s s ib le .  The r e la t io n s h ip  between
h o ld in g  p o te n t ia l  and response a m p litu d e  in  th e  presence
o f i n t r a c e l l u l a r  Cs i s  r e la t i v e ly  l in e a r  ( F ig .3 :1 8 ) .  The 
response rem ained an inw ard  c u r re n t  o ve r th e  e n t i r e  range 
o f  h o ld in g  p o te n t ia ls  in v e s t ig a te d  (-7 0  to  +20 mV). 
E x t ra p o la t io n  o f  a l in e  f i t t e d  by l in e a r  re g re s s io n  to  th e  
d a ta  gave a th e o r e t ic a l  re v e rs a l p o te n t ia l  o f  +40 mV.
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However, t h i s  va lu e  i s  u n l ik e ly  to  be a t ru e  in d ic a t io n  o f  
th e  re v e rs a l p o te n t ia l .  The b roken  l i n e  i n  F ig .3 :1 9 . i s  
th e  th e o r e t ic a l  cu rve  f o r  a Na c u r re n t  d is p la y in g  
c o n s ta n t - f ie ld  r e c t i f i c a t i o n  (Goldman, 1943; Hodgkin and 
K a tz , 1 9 4 9 ) .  T h is  cu rve , w h ich  f i t s  th e  d a ta  b e t te r  tha n  
th e  s t r a ig h t  l in e ,  was o b ta in e d  u s in g  an  in te r n a l  Na 
c o n c e n tra t io n  o f  3 .8  mM (Meech and Thomas, 1977)» an 
e x te rn a l Na c o n c e n tra t io n  o f  90 mM ( c . f .  Tab le  2 :1 ) ,  and 
a p e rm e a b ili ty  c o n s ta n t f o r  Na o f  1 .6 l5 x 1 0 ~ ^^  cm /s.
To summarize, th e  d a ta  p resen ted  above suggests  t h a t  
th e  d e p o la r iz a t io n  e l i c i t e d  by FMRFamide i s  th e  r e s u l t  o f  
an in c re a s e  in  conductance m a in ly  to  Na"*" io n s .  However, 
i t  i s  u n c e r ta in  w h e th e r th e  channel a c t iv a te d  by FMRFamide 
i s  h ig h ly  s e le c t iv e  f o r  Na**" io n s  o r  w h e th e r i t  i s  a ls o  
permeable to  o th e r  io n s  such as K^ and Ca^^ io n s .  I t  i s  
u n l ik e ly  to  have s im i la r  p e rm e a b il i ty  r a t io s  as th e  ACh 
a c t iv a te d  c a t io n  s e le c t iv e  -c h a n n e l p re s e n t i n  these  
neurones. I n t e r e s t in g ly ,  a h ig h  c o n c e n tra t io n  (0 .2  mM) o f  
d - tu b o c u ra r in e  does n o t a f f e c t  th e  response  ( C o t t r e l l ,
1 9 8 3 ) ; a r e s u l t  w h ich  was con firm e d  i n  t h i s  s tu d y . T h is  
compound b lo c k s  d e p o la r iz in g  responses in d uce d  by maqy 
substances i n  m o llu sca n  neurones (C a rp e n te r, Swann and 1
Yarowsky, 1977).
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3 .5  MULTIPLE RESPONSES ON SINGLE NEURONES.
3 .5 .1  A COMBINATION OF THE INCREASE IN gK AND THE INCREASE 
IN gNa CAN OCCUR ON SINGLE NEURONES.
The F2 neurone in  th e  r ig h t  p a r ie t a l  g a n g lio n  was 
d e p o la r iz e d  by lo c a l l y  a p p lie d  FMRFamide. L ik e  th e  
response d e sc rib e d  above, repea ted  a p p l ic a t io n  o f  
FMRFamide le d  to  a de s e n s i t iz a t io n  o f  th e  response 
( F ig .3 :2 0 ) .  The re v e rs a l p o te n t ia l  o f  th e  response to  
FMRFamide in  th e  F2 neurone was, however, much more 
n e g a tiv e  than  th a t  d e sc rib e d  above. F u rthe rm ore , i t  was 
v a r ia b le  from  one F2 neurone to  a n o th e r, ra n g in g  frcm  -20  
to  -5 5  mV. The re la t io n s h ip  between response  a m p litud e  
and h o ld in g  p o te n t ia l  was n o n - l in e a r  ( F ig . 3 :2 1 ) .  D u ring  
th e  a c t io n  o f  FMRFamide on th e  F2 neurone, th e re  was an 
in c re a s e  i n  membrane conductance. T h is  was in d ic a te d  by 
an in c re a s e  in  c u r re n t  d e f le c t io n s  r e s u l t in g  from  command 
p u ls e s  a p p lie d  d u r in g  v o lta g e  clamp.
Exposure o f  th e  p re p a ra tio n  to  z e ro  Na s o lu t io n  
a b o lis h e d  th e  in w a rd  c u r re n t  component such th a t  th e  
re v e rs a l p o te n t ia l  o f  th e  rem a in ing  response  was s im i la r  
to  E^ ( F ig .3 :2 2 ) .  The r e la t io n s h ip  between membrane 
p o te n t ia l  and response am p litude  a f t e r  rem oving  Na was 
s im i la r  to  th a t  observed f o r  the  in c re a s e  in  gK e l i c i t e d  
by FMRFamide. T h is  r e s u l t  i s  c o n s is te n t  w ith  the
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F ig .3 :2 1 ,  The r e la t io n s h ip  between FMRFamide response 
a m p litu d e  and h o ld in g  p o te n t ia l  i n  two F2 neurones. In  A, 
the  re v e rs a l p o te n t ia l  o f  th e  response was about -47  mV, 
w h ile  in  B i t  was about -2 9  mV. V a r ia t io n  o f th e  re v e rs a l 
p o te n t ia l  o f th e  responses o f F2 neurones to  FMRFamide was 
common.
Vh CmV}
80 60 2040
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FMRFamide response o f th e  F2 neurone b e in g  a co m b ina tion  
o f  an in c re a s e  in  gNa and an in c re a se  in  gK,
3 .5 .2  THE EFFECT OF K CHANNEL BLOCKERS ON IHE RESPONSE OF 
THE F2 NEURONE TO FMRFamide.
The v a r i a b i l i t y  o f  th e  re v e rs a l p o te n t ia l  observed 
between p re p a ra t io n s  im p lie d  th a t  th e re  was more than  one 
type  o f  channel a s s o c ia te d  w ith  the  conductance in c re a se  
seen in  th e  F2 neurone. T h is  was f u r t h e r  suppo rted  by th e  
a c t io n  o f  TEA on th e  FMRFamide induced response o f  th e  F2 
neurone. P h y s io lo g ic a l s o lu t io n  c o n ta in in g  30 mM TEA 
in c re a se d  th e  in w a rd  c u r re n t  observed and s h if te d  the  
re v e rs a l p o te n t ia l  to  le s s  n e g a tiv e  v a lu e s  ( F ig .3 :2 3 ) .  
T h is  e f f e c t  o f  TEA i s  e x p la in e d  by th e  presence o f  two 
p o p u la tio n s  o f  channe ls  a c t iv a te d  by FMRFamide on th e  F2 
neurone; one type  a s s o c ia te d  w ith  the  in c re a s e  in  gK by 
FMRFamide i s  s e n s i t iv e  to  TEA, th e  o th e r  type  a sso c ia te d  
w ith  th e  in c re a s e  in  gNa i s  in s e n s it iv e  to  TEA.
A d d it io n a l ev idence s u p p o rtin g  a co m b in a tio n  o f  th e  
in c re a s e  in  gK and th e  in c re a s e  in  gNa o c c u r r in g  on th e  F2 
neurone was th e  e f f e c t  o f  in t r a c e l l u la r  Cs^ io n s  on th e  
o v e r a l l  response . U sing a CsCl re c o rd in g  e le c tro d e  as 
d e sc rib e d  above, th e  e f f e c t  o f  Cs on th e ,re s p o n s e  was to  
a b o lis h  th e  outw ard K component w h ile  le a v in g  th e  Na 
component in t a c t .  Under these  c o n d it io n s  th e  inw ard  
c u r re n t  i n  th e  F2 neurone was id e n t ic a l  to  th a t  re p o rte d
• A  1-^  ^
f o r  the  pure d e p o la r iz in g  component d e s c r ib e d  above
^ 4-  .'CclSii
F ig .3 :2 2 . The e f fe c t  o f  ze ro  Na s o lu t io n  on th e  
response o f  th e  F2 neurone to  io n o p h o re t ic a l ly  a p p lie d  
FMRFamide. A, c u r re n t  re co rd s  o b ta in e d  from  an F2 neurone 
v o lta g e  clamped a t  v a r io u s  h o ld in g  p o te n t ia ls  in  the  
presence and absence o f  Na io n s . The h o ld in g  p o te n t ia l  i s  
in d ic a te d  in  mV by each re c o rd , B, g ra p h ic a l p re s e n ta t io n  
show ing th e  d i f fe re n c e  between th e  a m p litu d e  o f  the  
c u r re n t  responses i n  normal ( # )  and in  z e ro  Na ( ■ )  
s o lu t io n  a t  v a r io u s  h o ld in g  p o te n t ia ls .
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F ig .3 :2 3 . The e f fe c t  o f  30 mM TEA on th e  response o f 
an F2 neurone to  io n o p h o re t ic a l ly  a p p lie d  FMRFamide. TEA 
m arked ly reduced th e  outw ard K component o f  th e  FMRFamide 
induced c u r re n t  and s h i f te d  th e  re v e rs a l p o te n t ia l  from  
-50  to  -33 mV.
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3 .6  THE VOLTAGE DEPENDENT RESPONSE.
3 .6 .1  PROPERTIES OF THE VOLTAGE DEPENDENT RESPONSE.
A p p lic a t io n  o f  FMRFamide o n to  th e  Cl neurone 
produced, in  a d d i t io n  to  th e  in c re a s e  in  gK, a v o lta g e  
dependent inw a rd  c u r re n t  a t  h o ld in g  p o te n t ia ls  more 
p o s i t iv e  than  -40  mV. F re q u e n tly , t h i s  response was o n ly
Id e te c te d  as a decrease in  th e  outw ard FMRFamide induced K I
c u r re n t  as th e  01 was d e p o la r iz e d  ( F ig .3 :2 4 ) .  The 
s im u ltaneous  a c t iv a t io n  o f  an outw ard  and in w a rd  c u r re n t  
by FMRFamide a t  these  p o te n t ia ls  made th e  a n a ly s is  o f  th e  
mechanism o f  a c t io n  v e ry  c o m p lic a te d . However, C o t t r e l l  
( 1982a) re p o r te d  t h a t  an analogue o f  FMRFamide, 
YGGFMRFamide, was more p o te n t <xb p ro d u c in g  th e  inw ard  
c u r re n t  response . YGGFMRFamide was th e re fo re  used to  
s tudy  t h is  response . 5-HT a ls o  produces a s im i la r  v o lta g e  
dependent response i n  th e  Cl neurone ( C o t t r e l l ,  1981).
In  many p re p a ra t io n s ,  c a re fu l p o s i t io n in g  o f  th e  
io n o p h o re t ic  (o r  p re s s u re  e je c t io n )  p ip e t te  re s u lte d  i n  
YGGFMRFamide e l i c i t i n g  th e  v o lta g e  dependent inw ard  
c u r re n t  o n ly .  The r e la t io n s h ip  between th e  a m p litu d e  o f  
th e  response and h o ld in g  p o te n t ia l  i s  shown i n  F ig .3 :2 5 . 
The response co u ld  n o t be re ve rse d , even a t  h o ld in g  
p o te n t ia ls  o f  -6 0  to  -7 0  mV. As membrane p o te n t ia l  was 
made more p o s i t iv e  th a n  -40  mV, th e  response appeared, and
F ig .3 :2 4 .  Io n o p h o re t ic  a p p l ic a t io n  o f  FMRFamide onto  
th e  Cl neurone a t  p o te n t ia ls  more p o s i t iv e  than  -40  mV 
f re q u e n t ly  r e s u lte d  in  a decrease in  th e  am p litude  o f  th e  
outw ard  c u r re n t response . Here th e  a m p litu d e  o f  the  
response in  a Cl neurone i s  p lo t te d  a g a in s t h o ld in g  
p o te n t ia ls  between -80  and -20 mV.
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w ith  f u r t h e r  d e p o la r iz a t io n  th e re  was a marked in c re a s e  in  
th e  a m p litu d e  o f  th e  in w a rd  c u r re n t .  These o b s e rv a tio n s  
show why th e  term  ’ v o lta g e  dependent’ i s  used to  d e s c r ib e  |
t h i s  response .
3 .6 .2  IONIC MECHANISM OF THE RESPONSE.
D u rin g  th e  v o lta g e  dependent response , th e re  was a 
decrease in  th e  s iz e  o f  c u r re n t  d e f le c t io n s  r e s u l t in g  from  
command p u ls e s  a p p lie d  to  th e  01 neurone. As m entioned 
p re v io u s ly ,  ca re  must be taken  in  th e  in t e r p r e ta t io n  o f  
such d a ta , e s p e c ia l ly  w ith  re g a rd  to  v o lta g e  dependent 
system s. Ih e re  a re  two p o s s ib le  mechanisms w h ich  would 
e x p la in  t h i s  response : (1 ) a v o lta g e  dependent in c re a s e  in  
conductance to  Na"*" a n d /o r Ca^’*’ io n s ,  (2 ) a decrease in  a 
v o lta g e  dependent outw ard  c u r re n t  such as a C l"o r  K 
c u r re n t .  Both o f  these  s i t u a t io n s  w ou ld  le a d  to  a 
re d u c t io n  i n  th e  a m p litu d e  o f  th e  c u r re n t  d e f le c t io n s  as 
d e s c r ib e d  above.
I t  i s  u n l ik e ly  t h a t  e i t h e r  Na^ o r C l"  io n s  a re  
in v o lv e d  i n  th e  response as re p la c in g  NaCl w ith  sucrose o r 
g lucoseam ine h y d ro c h lo r id e  has been shown n o t to  a f f e c t  
t h i s  response ( C o t t r e l l ,  1982a). The in w a rd  c u r re n t  may 
r e s u l t  from  an in c re a s e  in  conductance to  Ca^* io n s ,  a 
decrease i n  conductance to  io n s  o r  a co m b ina tio n  o f  
b o th .
F ig .3 :2 5 . The v o lta g e  dependent response a c t iv a te d  by 
YGGFMRFamide, A, r e la t io n s h ip  between response a m p litu d e  
and h o ld in g  p o te n t ia l ,  B, Examples o f  th e  inw ard  c u r re n t  
e l i c i t e d  a t  h o ld in g  p o te n t ia ls  o f  -3 0 ,  -25  and -20 mV.
Vh CmV]
-30 -10
Q .
-30
-25
2.5nA
30s
I
%
-  7 8 - i
C o t t r e l l  (1982a) has shown th a t  t h i s  response i s
b locked  by 1.5 mM Co^* io n s ,  and a ls o  when Ba was
s u b s t itu te d  f o r  most o f  th e  Ca. Co^* io n s  have been shown 
to  b lo c k  Ca c u r re n ts  i n  H e lix  neurones (A ka ike , Lee and 
Brown, 1970; B arnes, C o t t r e l l  and Dunbar, 1985). However, 
i t  i s  u n l ik e ly  th a t  th e  response c o n s is ts  o f  an in c re a s e  
in  gCa a lo n e  s in ce  Ba, w h ich  can permeate Ca channe ls  
q u i te  a d e q u a te ly  (A k a ik e , Lee and Brown, 197 8 ), b locked  
the  response . Ba^* io n s  have been shown to  b lo c k  K
c u r re n ts  i n  m o llu sca n  neurones (Gorman and Hermann, 197 9)» 
thus th e se  o b s e rv a tio n s  by C o t t r e l l  a re  c o n s is te n t  w ith  a 
YGGFMRFamide induced  decrease in  a Ca a c t iv a te d  K
c u r re n t.
A com parison o f  th e  v o lta g e  s e n s i t i v i t y  o f  th e  
response w ith  th e  s teady s ta te  I - V  cu rve  o f  the  C l neurone 
i s  shown i n  F ig .3 :2 6 . The occurrence  o f  th e  v o lta g e  
dependent response i s  c lo s e ly  p a r a l le le d  by th e  outw ard  
r e c t i f i c a t i o n  p re s e n t as th e  neurone i s  v o lta g e  clamped a t  
d e p o la r iz e d  p o te n t ia ls .  I t  i s  th e re fo re  co n ce iva b le  th a t  
th e  response may be th e  r e s u l t  o f  a decrease in  one o r 
more o f  th e  components o f  t h i s  r e c t i f i c a t i o n .  A p o s s ib le  I
e f f e c t  on th e  Ca a c t iv a te d  K c u r re n t  was in v e s t ig a te d  
f u r t h e r  by in c re a s in g  th e  in t r a c e l l u l a r  C a -c o n c e n tra tio n .
F ig ,3 :2 6 . A com parison o f th e  a m p litud e  o f the  
v o lta g e  dependent response to  YGGFMRFamide w ith  th e  steady 
s ta te  I-V  r e la t io n s h ip  o f  a Cl neurone. The steady s ta te  
c u r re n t was measured ju s t  b e fo re  th e  a p p lic a t io n  o f  
YGGFMRFamide. H , a m p litu d e  o f th e  YGGFMRFamide response; 
# ,  a m p litu d e  o f  the  s teady s ta te  c u r re n t.
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3 .6 .3  Ca INJECTION EXPERIMENTS.
The r o le  o f  Ca in  th e  g e n e ra tio n  o f  th e  response was 
in v e s t ig a te d  by in je c t in g  Ca^* io n s  in t o  th e  c e l l .  The 
e f fe c t  o f  p e p tid e  a p p l ic a t io n  was compared b e fo re  and 
a f t e r  Ca in je c t io n .  The r e s u l t s  p re sen ted  he re  c o n firm  
and ex tend  th e  o b s e rv a tio n s  made by C o t t r e l l  (1 9 82 a ).
Ca was in je c te d  in t o  th e  c e l l  by io n o p h o re s is . A
second m ic ro e le c tro d e , f i l l e d  w ith  0 .5  M CaCl^, was
2+in s e r te d  in t o  th e  c e l l ,  and to  in je c t  Ca io n s  a c u r re n t  
o f  40 to  60 nA f o r  a d u ra t io n  o f  5 to  15s was passed w ith  
re s p e c t to  a n o th e r e le c tro d e  p laced  i n  th e  re c o rd in g  
medium. The Ca in je c t io n  was perform ed d u r in g  v o lta g e  
clam p, th e re fo re  l im i t i n g  th e  change i n  membrane p o te n t ia l  
to  a few m i l l i v o l t s .  The in je c t io n  o f  Ca^^ io n s  in t o  th e  
c e l l  caused an in c re a s e  in  th e  outw ard  c u r re n t  and an 
in c re a s e  in  membrane conductance ( F ig .3 :2 ? ) .  S im ila r  
r e s u l t s  were re p o r te d  by Meech ( 1974) and Meech and 
Standen (1975) who showed th a t  th e  in c re a s e  i n  membrane 
conductance was due to  an in c re a se  in  K p e r m e a b il i ty .  The 
c u r re n t  e l i c i t e d  by Ca in je c t io n  in t o  th e  C l neurone was 
re ve rse d  to  an in w a rd  c u r re n t  when th e  neurone was clamped 
a t  p o te n t ia ls  n e g a tiv e  to  E^. T h is  i s  c o n s is te n t  w ith  K* 
io n s  c a r ry in g  th e  Ca induced c u r re n t  i n  th e  Cl neurone.
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To t e s t  w h e th e r YGGFMRFamide suppressed a Ca
a c t iv a te d  K c u r re n t ,  th e  e f f e c t  o f  io n o p h o r e t ic a l ly  
a p p lie d  YGGFMRFamide was compared b e fo re  and a f t e r  Ca 
in je c t io n .  I f  th e  response was a su p p re ss io n  o f  a Ca 
a c t iv a te d  K c u r re n t ,  th e n  th e  a m p litu d e  o f  th e  response 
would be expected  to  be l im i t e d  by th e  amount o f  Ca 
a c t iv a te d  K c u r re n t  p re s e n t. The e xpe rim en ts  were
perfo rm ed  a t  a h o ld in g  p o te n t ia l  o f  -4 0  mV. A t t h i s
p o te n t ia l  th e  YGGFMRFamide response was v e ry  s m a ll and 
th e re  i s  o n ly  m in im a l a c t iv a t io n  o f  th e  Ca dependent K 
c u r re n t  (Meech and S tanden, 1975; Lux and H o fm e ie r, 
1982).
The r e s u l t  o f  such an e xpe rim en t i s  shown in  
F ig .3 :2 8 A . The YGGFMRFamide response b e fo re  Ca in je c t io n  
was n e g l ig ib le ,  how ever, a s u b s ta n t ia l response was 
observed a f t e r  Ca in je c t io n .  Die response a m p litu d e  
appeared to  in c re a s e  w ith  th e  a m p litu d e  o f  th e  Ca evoked 
c u r re n t  (F ig .3 :2 8 B ) .  T h is  r e s u l t  i s  c o n s is te n t  w ith  a 
su p p re ss io n  o f  a Ca a c t iv a te d  K c u r re n t .  However, o u t o f  
70 Ca in je c t io n  e xp e rim e n ts , o n ly  8 re s u lte d  in  an 
in c re a s e d  YGGFMRFamide response .
A m a jo r prob lem  w ith  th e  Ca in je c t io n  e xp e rim e n ts  was 
th e  r e la t i v e l y  ra p id  decrease o f  th e  Ca induced  outw ard  
c u r re n t .  The in je c t io n  o f  Ca in  th e  presence o f  th e  
m e ta b o lic  i n h ib i t o r  c a rb o n y l cyan ide  m -c h lo ro p h e n y l
F ig .3 :2 7 . The e f fe c t  o f  Ca in je c t io n  on th e  c u r re n ts  
reco rded  from  th e  Cl neurone under v o lta g e  clamp. A, a Cl 
neurone was h e ld  a t  -3 0  mV and re g u la r  h y p e rp o la r iz in g  
command p u lse s  to  -3 5  mV were a p p lie d .  The in je c t io n  o f  
Ca (60 nA d u r in g  th e  p e r io d  in d ic a te d  by the  b a r) induced  
an outw ard  c u r re n t  w ith  a co nco m ita n t in c re a se  in  th e  
a m p litud e  o f  th e  c u r re n t d e f le c t io n s  r e s u l t in g  from  th e  
command p u ls e s . B, Ca in je c t io n  i n  a n o th e r Cl neurone a t 
two d i f f e r e n t  h o ld in g  p o te n t ia ls .  A t -3 5  mV th e  c u r re n t  
evoked by Ca in je c t io n  was ou tw ard , a t  -90  mV th e  c u r re n t  
was re ve rse d  to  an in w a rd  d i r e c t io n .  Ca in je c t io n :  60 nA
d u r in g  th e  p e r io d  in d ic a te d  by th e  b a rs .
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hydrazone  ^ (CCmP) has been shown to  produce a more 
p ro lon g ed  e f f e c t  th a n  th a t  w h ich  i s  n o rm a lly  observed 
(Meech and Thomas, 1980 ). In  an a tte m p t to  p ro lo n g  th e  Ca 
evoked c u r re n t  i n  th e  01 neurone, Ca was in je c te d  
fo l lo w in g  exposure  o f th e  p re p a ra t io n  to  10 uM CCtaP. 
W h ile  t h is  tre a tm e n t was e f f e c t iv e  i n  p ro lo n g in g  th e  Ca 
evoked c u r re n t ,  th e  response to  YGGFMRFamide was 
c o m p le te ly  a b o lis h e d  by CQnP (n = 2 ) . T h is  suggested an 
in vo lv e m e n t o f  a m e ta b o lic  p rocess i n  th e  g e n e ra tio n  o f  
th e  v o lta g e  dependent response .
3 .6 .n  THE EFFECT OF Ca CHANNEL BLOCKERS.
Ca channel b lo c k e rs  have been shown to  b lo c k  th e  Ca 
a c t iv a te d  K c u r re n t  i n  H e lix  (Meech and Standen, 1975) and 
T r i to n ia  neurones (Thompson, 1977). I f  th e  response was 
th e  r e s u l t  o f  a decrease in  a Ca a c t iv a te d  K c u r re n t,  then  
compounds w h ich  b lo c k  th e  Ca c u r re n t  w ou ld  be expected to  
b lo c k  th e  response . Both  Co and v e ra p a m il have been shown 
to  b lo c k  th e  Ca c u r re n t  o f  H e lix  (A k a ik e , Lee and Brown, 
197 8; Barnes, C o t t r e l l  and Dunbar, 1985). However, o n ly  
Co b locked  th e  response (n=3, F ig .3 :2 9 ) ,  w h ile  10 urn 
v e ra p a m il l e f t  th e  response u n a lte re d  (n = 2 ) . The e f fe c t  
1 mM Co had on th e  I - V  cu rve  was to  reduce steady s ta te  
outw ard  c u r re n ts  a p p re c ia b ly  ( F ig ,3 :3 0 ) .  However, 10 urn 
v e ra p a m il,  in  c o n t ra s t  to  1 mM Co, had no e f f e c t  on th e  
I - V  cu rve  o f  th e  C l neurone (n=2, F ig .3 :3 0 ) .  The 
d if fe re n c e  observed between th e  e f fe c t s  on th e  I -V  curve
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o f  Co and v e ra p a m il suggests  th a t  Co may have an e f f e c t  
w h ich  i s  a d d it io n a l to  th e  b lo c k  o f  Ca channe ls . The 
o b s e rv a tio n s  d e sc rib e d  above im p ly  th a t  th e  v o lta g e  
dependent response i s  n o t a su p p re ss io n  o f  a K c u r re n t  
w h ich  i s  a c t iv a te d  o n ly  by an in f lu x  o f  Ca a c ro ss  th e  c e l l  
membrane.
Th is  v o lta g e  dependent response was more com p lica ted  
tha n  th e  in c re ase d  conductance responses to  FMRFamide. 
The response i s  a decrease in  a K conductance and was o n ly  
d e te c te d  a t  p o te n t ia ls  more p o s i t iv e  than  -40  mV. I t  was 
b locked  by 1 mM Co b u t u n a ffe c te d  by th e  Ca channel 
b lo c k e r  v e ra p a m il. T h e re fo re  th e  r o le  o f  Ca in  t h i s  
response i s  u n c le a r.
3 .6 .5  A STUDY OF THE RESPONSE AT THE SINGLE CHANNEL LEVEL.
The v o lta g e  dependent response in  th e  Cl neurone has 
been s tu d ie d  u s in g  pa tch  clamp methods ( C o t t r e l l ,  D avies 
and Green, 1984). Using a c e l l  a tta c h e d  p a tch , th e  
a c t i v i t y  o f  s in g le  K channels was decreased when th e  
FMRFamide analogue FnLRFamide was a p p lie d  to  th e  su rfa ce  
o f  th e  Cl neurone o u tw ith  the  p a tc h . These channels have 
been shown n o t to  be Ca a c t iv a te d  (B a rnes, C o t t r e l l  and 
Dunbar, 1985). The method o f  a p p l ic a t io n  o f  the  p e p tid e , 
i . e .  o u tw ith  the  reco rded  pa tch  o f  membrane, suggests 
t h a t  th e  e f fe c t  o f  th e  p e p tid e  i s  m ed ia ted  th rough  a 
second messenger system . In  A n lv s la  sensory neurones.
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cAMP has been shewn to  reduce K channe l a c t i v i t y  
(S iegelbaum , Camardo and K andel, 1982) and i n  H e lix  an 
in c re a s e  i n  cAMP reduces outw ard  K c u r re n ts  (D e te rre , 
P a u p a rd in -T r its c h , B o cka e rt and G e rs c h e n fe ld , 1981). I t  
i s  th u s  p o s s ib le  th a t  a c y c l ic  n u c le o t id e  may m ediate  the  
e f fe c ts  o f  YGGFMRFamide i n  p ro d u c in g  th e  v o lta g e  dependent 
response in  th e  Cl neurone.
3 .6 .6  THE EFFECT OF INCREASING CYCLIC NUCLEOTIDE LEVELS ON 
THE Cl NEURONE. i
tExposure o f  th e  p re p a ra t io n  t o  1 mM th e o p h y ll in e  ÿ
reduced th e  the  outw ard  c u r re n t  o f  th e  Cl neurone. T h is
was e v id e n t as a * f la t t e n in g *  o f  th e  I -V  cu rve  (n=2,
F ig .3 :3 1 ) .  D u ring  th e  a c t io n  o f  th e o p h y ll in e ,  th e  v o lta g e  
dependent response was a b o lis h e d . T h e o p h y llin e  in h ib i t s  
c y c l ic  n u c le o t id e  breakdown by in t e r f e r in g  w ith  
phosphod ieste rase  enzymes. T h is  r e s u l t  im p l ie s  th a t  th e re  #
i s  a basa l p ro d u c tio n  o f  c y c l ic  n u c le o t id e s  i n  th e  Cl 
neurone, and th a t  th e  ou tw ard  c u r re n t  observed under 
v o lta g e  clamp c o n d it io n s  i s  s e n s i t iv e  to  c y c l ic  
n u c le o t id e s .
i ' l l  - .
F ig .3 :2 9 . The e f f e c t  o f 1 mM Co on th e  v o lta g e  
dependent response . A p p lic a t io n  o f  YGGFMRFamide (▼ ) o n to  
a v o lta g e  clamped Cl neurone produced th e  v o lta g e  
dependent in w a rd  c u r re n t ,  which was b locked  a f t e r  th e  
p re p a ra t io n  was exposed to  1 mM Co f o r  6 m in u te s . F u l l  
re co ve ry  was n o t o b ta in e d . The downward d e f le c t io n s  in  
the  tra c e s  a re  p ro b a b ly  undamped axon s p ik e s . The 
h o ld in g  p o te n t ia l  in  mV f o r  each p a i r  o f re c o rd in g s  i s  
in d ic a te d  by th e  s id e .
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F ig .3 :3 0 . A, th e  e f fe c t  o f  10 uM ve ra p a m il on th e  
s teady s ta te  I -V  cu rve  o f  a Cl neurone. Over the  range o f  
p o te n t ia ls  in v e s t ig a te d ,  t h i s  c o n c e n tra t io n  o f  ve ra pa m il 
had no e f fe c t  on th e  background c u rre n t ( #  , c o n t ro l j Q  , 
v e ra p a m il) .  B, 1 mM Co reduced th e  steady s ta te  outw ard 
c u rre n t o f a Cl neurone a t p o te n t ia ls  more p o s i t iv e  than  
-40 mV ( #  , c o n t ro l ; O  , Co).
20
<  8
Vh CmV}6 0
204 0
Vh CmV36 0
40 -20
F ig .3 :3 1 .  The e f fe c t  o f th e o p h y ll in e  on th e  I -V  curve  
o f  a Cl neurone. Exposure o f the  p re p a ra t io n  to  1 mM 
th e o p h y ll in e  reduced th e  steady s ta te  outw ard  c u rre n t 
observed a t  p o te n t ia ls  more p o s i t iv e  than  -40  mV. #  , 
c o n t r o l ;  Q , 1 mM th e o p h y ll in e .
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3 .6 .7  INTERACTION BETWEEN THE VOLTAGE DEPENDENT RESPONSE #
INDUCED BY 5-HT AND FMRFamide PEPTIDES.
The response o f  th e  Cl neurone to  5-HT has v e ry  
s im i la r  p ro p e r t ie s  t o  th e  p e p tid e  induced  decrease in  gK 
( C o t t r e l l ;  1981; B arnes, C o t t r e l l  and Dunbar, 1985).
D u rin g  th e  response to  5-HT i n  t h is  neurone, th e  p e p tid e  
induced  response was a tte n u a te d  o r  even absent 
( F ig .3 :3 2 ) .  T h is  suggested th a t  the  v o lta g e  dependent 
response to  b o th  5-HT and FMRFamide p e p tid e s  r e s u l t  from  
the  re d u c t io n  o f  th e  same K c u r re n t ,  o r  th a t  th e re  i s  a t  
le a s t  one common s te p  in  th e  p ro d u c tio n  o f  th e  responses.
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3 .7  COMPARISON OF THE ACTIONS OF FMRFamide WITH ÎHOSE OF 
FMRFamide ANALOGUES.
Three a c t io n s  o f  FMRFamide on io n ic  c u rre n ts  have 
been d e s c r ib e d  above, these a re  an in c re a s e  in  gNa, an
in c re a s e  in  gK and a decrease in  gK. F u rthe rm ore , these
e f fe c t s  can be found  r e l ia b ly  on a t  le a s t  th re e  id e n t i f ie d  
neurones:
C l -  in c re a s e  in  gK and decrease in  gK
F2 -  in c re a s e  in  gK and in c re a s e  in  gNa
E13 -  in c re a s e  in  gNa o n ly
These th re e  id e n t i f ie d  neurones, to g e th e r  w ith  a few 
u n id e n t i f ie d  neurones, p ro v ide d  a ve ry  u s e fu l system f o r  
com paring th e  a c t io n s  o f  FMRFamide w ith  o th e r 
*FM RFam ide-like* p e p t id e s . A l i s t  o f  th e  FMRFamide 
p e p tid e s  used i n  t h i s  com para tive  s tudy  i s  g iv e n  be low :
FMRFamide
YGGFMRFamide
FIRFamide
FLRFamide
PFLRFamide
GDPFLRFamide
pQDPFLRFamide
V :ÿ A iS -. '‘
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They were termed *FM R Fam ide-like ' because o f  th e  sequence j
M e t(o r Leu)-Arg~Phe-NHg, which i s  im p o rta n t f o r  b io lo g ic a l  |
a c t i v i t y  (P r ic e  and G reenberg, 1980; P a in te r ,  M orley and 
P r ic e , 1982).
Two te t ra p e p t id e s ,  th re e  h e p ta p e p tid e s  and one 
p e n ta p e p tid e  were used in  a d d it io n  to  FMRFamide in  t h i s  
in v e s t ig a t io n .  O bse rva tio ns  showed t h a t  bo th
te t ra p e p t id e s  had b io lo g ic a l  a c t i v i t y  s im i la r  to  
FMRFamide, w h ile  th e  h e p ta p e p tid e s  and p e n ta p e p tid e  had 
s im i la r  a c t io n s  to  each o th e r  w h ich  were d i f f e r e n t  to  
those seen w ith  th e  te t ra p e p t id e s  ( C o t t r e l l  and D av ies , 
1985). The r e s u l t s  o b ta in e d  im p ly  th a t  th e re  a re  m u lt ip le  
re c e p to r  s i t e s  f o r  FMRFamide p e p tid e s  on H e lix  neurones.
-  -
3 .8  SIMILARITIES BETWEEN FMRFamide AND TETRAPEPTIDE 
ANALOGUES.
3 .8 .1  FLRFamide AND FIRFamide INDUCE FMRFamide-LIKE 
RESPONSES.
As m entioned above, bo th  FLRFamide and FIRFamide 
produced responses w h ich  were v e ry  s im i la r  to  those  
induced  by FMRFamide. Io n o p h o re tic  a p p l ic a t io n  o f  bo th  
FLRFamide and FIRFamide o n to  th e  C l neurone induced  a 
h y p e rp o la r iz a t io n .  Many o th e r  u n id e n t i f ie d  c e l ls  i n  th e  
suboesophageal g a n g lia  responded to  these  two 
te t r a p e p t id e s  w ith  a h y p e rp o la r iz a t io n ,  w h ich  was observed 
as an outw ard  c u r re n t  under v o lta g e  clamp c o n d it io n s .  
T h is  c u r re n t  was re ve rse d  to  an inw a rd  c u r re n t  a t  membrane 
p o te n t ia ls  more n e g a tiv e  than  -80  mV, w h ich  i s  c lo se  to  
Eg.. In c re a s in g  th e  e x t r a c e l lu la r  K c o n c e n tra t io n  from  5 
to  15 mM changed th e  re v e rs a l p o te n t ia l  o f  th e  response o f 
a C l neurone to  FLRFamide frcm  -76  to  -5 0  mV (n=1. 
F ig .3 :3 3 ) .  Th is  26 mV s h i f t  i s  v e ry  c lo s e  to  th e  
th e o r e t ic a l  va lue  o f  28 mV p re d ic te d  by th e  N ernst 
e q u a tio n  f o r  a pure  K response . S ince  FMRFamide a ls o  
produced an in c re a s e  in  gK i n  th e  Cl neurone , t h i s  r e s u l t  
w ith  FLRFamide was expected as i t  i s  c o n c e iv a b le  th a t  
FLRFamide a c t iv a te s  th e  same re c e p to r  as FMRFamide. 
FIRFamide was ra th e r  le s s  p o te n t a t  in d u c in g  th e  in c re a s e  
i n  gK.
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A p p lic a t io n  o f  b o th  FLRFamide and FIRFamide on to  th e  
F2 and E13 neurones induced  th e  in c re a s e  in  gNa* L ik e  the  
FMRFamide induced in c re a s e  in  gNa, th e  response to  
FLRFamide and FIRFamide was r a p id ly  d e s e n s it iz e d  by 
repea ted  a p p l ic a t io n  o f  th e  p e p tid e s . Exposure o f  th e  
p re p a ra t io n  to  low  Na s o lu t io n  reduced th e  a m p litude  o f 
th e  response . A com parison  o f  th e  in c re a s e  in  gNa induced 
by FLRFamide, FIRFamide and FMRFamide i s  shown in  
F ig .3 :3 4 .
The v o lta g e  dependent response p re s e n t in  th e  Cl 
neurone was v e ry  d i f f i c u l t  to  observe  because o f the  
m asking o f  t h i s  response by th e  outw ard  K c u r re n t  induced 
by these p e p tid e s . T h is  problem  o f  d e te c t in g  th e  v o lta g e  
dependent response was a ls o  p re s e n t w ith  FMRFamide (see 
page 7 6 ) ,  A decrease in  th e  a c t i v i t y  o f  K channe ls  has, 
however, been observed  i n  a c e l l  a tta c h e d  patch  when 
FnLRFamide was a p p lie d  to  th e  c e l l  s u rfa c e  o u ts id e  the  
patch ( C o t t r e l l ,  D a v ie s , and Green, 1984).
3 .8 .2  FMRFamide, FLRFamide AND FIRFamide ACTIVATE THE SAME 
RECEPTORS.
Many r e s u l t s  im p ly  th a t  these  th re e r^ tje tra p e p tid e s  a c t 
on th e  same re c e p to rs ,  th e re b y  p ro d u c in g  th e  same io n ic  
responses. For exam ple, a l l  th re e  p e p tid e s  e l i c i t e d  an 
in c re a s e  i n  gNa in  th e  E l3 neurone and an in c re a s e  in  gK
I
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in  th e  C l neurone. A co m b ina tio n  o f  an in c re a s e  in  gNa
and an in c re a s e  i n  gK was observed when FLRFamide was
a p p lie d  to  th e  F2 neurone (n = 2 ). The responses o f  a Cl 
neurone • and an F2 neurone were u n a lte re d  fo l lo w in g
exposure  o f  th e  p re p a ra t io n  to  a h ig h  M g/low  Ca s o lu t io n  
(3 .5  mM Ca, 15 mM Mg). Th is  s o lu t io n  m a rked ly  reduced 
s y n a p t ic  a c t i v i t y ,  su g g e s ting  th a t  th e  responses observed 
w ere n o t due to  an in d i r e c t  a c t io n  on th e  neurones. Ihe  
response o f  th e  Cl neurone to  FLRFamide resem bled th e  tim e  
course  and v o lta g e  dependency o f  th e  FMRFamide response 
( F ig . 3 :3 5 ) .  F u rthe rm ore , a p p l ic a t io n  o f  known
c o n c e n tra t io n s  o f  bo th  p e p tid e s  to  th e  b a th  produced 
responses o f  a s im i la r  am p litud e  (n=1. F ig . 3 :3 6 ) .
R e ce n tly  Boyd and W alker (1985) have observed s im i la r  
r e s u l t s  when com paring FMRFamide and FLRFamide, and 
sugges t t h a t  FLRFamide b in ds  to  th e  FMRFamide re c e p to r .  
A lso  b o th  FMRFamide and FnLRFamide a re  ” e q u ip o te n t a t  
i n h ib i t i n g  L a m p s ilis  h e a r t  and c o n t ra c t in g  th e  Busvcon 
r a d u la  p r o t r a c to r  m uscle , a ltho u gh  th e re  a re  d if fe re n c e s
i n  po tency between th e  two p e p tid e s  when te s te d  on 
M a c ro c a ll is ta  h e a r t  and G eukensia a n te r io r  byssus 
r e t r a c to r  m uscle (P a in te r ,  M orley and P r ic e ,  1982).
P ro p e r t ie s  o f  the  d e p o la r iz a t io n  in duced  by FMRFamide 
a re  shared by FLRFamide and FIRFamide, D e p o la r iz in g  (o r  
in w a rd  c u r re n t)  responses induced  by FLRFamide and 
FIRFamide o n ly  occu rred  on neurones w hich  gave
F ig .3 :3 4 . Comparison o f  th e  e f f e c t  o f  FMRFamide, 
FIRFamide and FLRFamide a t  in d u c in g  th e  in c re a s e  in  gNa. 
The responses were reco rded  from  a neurone in  th e  v is c e r a l 
g a n g lio n , th e  re c o rd in g s  o f  th e  e f fe c t  o f FMRFamide and
FIRFamide were from  the  same neurone ; th e  FLRFamide
response was reco rded  from  the  homologous neurone o f 
a n o th e r p re p a ra t io n . The h o ld in g  p o te n t ia ls  i n  mV a re  
in d ic a te d  by th e  s id e .
FMRFamide
T
FIRFamideT
-50
FMRFamide
T
FIRFamide
-60
■70
FLRFamide
T
hnA
30s
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F ig .3 :3 5 . Comparison o f the  responses induced  by 
io n o p h o re t ic  a p p l ic a t io n  o f FMRFamide ( # )  and FLRFamide 
( Q )  o n to  a 01 neurone a t  v a r io u s  h o ld in g  p o te n t ia ls .  The 
v o lta g e  dependency and th e  am p litude  and d u ra t io n  o f  the  
responses to  th e  two p ep tid es  were s im i la r .
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F ig .3 :3 6 . A p lo t  o f  th e  a m p litud e  o f  th e  K c u r re n t 
genera ted  in  a C1 neurone by bath  a p p lic a t io n  o f  v a r io u s  
c o n c e n tra t io n s  o f  bo th  FMRFamide ( #  ) and FLRFamide (Q  ) .  
Both p e p tid e s  e x h ib ite d  a s im i la r  c o n c e n tra t io n  dependency 
and maximum response. The Cl neurone was v o lta g e  clamped 
a t  -45  mV.
x>
<c'_t0)œcoa
U i
CD
o J crT T T 1-8 ~6
log peptide conc,
. ..... - f ? ' ‘ '  " . ®î. :
1
— 90 “
'g
• r
I 1
d e p o la r iz in g  responses to  FMRFamide. One o f  th e  m a jo r 
p ro p e r t ie s  o f  t h is  response was th e  ra p id  des e n s i t iz a t io n  
w h ich  occurred  w ith  repea ted  a p p l ic a t io n  o f  p e p tid e
( F ig .3 :3 7 ) .  I f  these  te t ra p e p t id e s  were a l l  a c t in g  on th e  S
same re c e p to r  to  produce t h is  response , the n
c ro s s -d e s e n s it iz a t io n  w ou ld  be expected to  occu r between 
them. T h is  was in v e s t ig a te d  by io n o p h o re s is  o f  two
p e p tid e s  o n to  th e  same neurone. Such an e xpe rim en t 
conducted w ith  FMRFamide and FIRFamide i s  shown in  
F ig .3 :3 8 . Both p e p tid e s  induced an inw ard  Na c u r re n t  in  a 
v is c e r a l  g a n g lio n  neurone v o lta g e  clamped a t  -6 0  mV. The 
response was d e s e n s it iz e d  by th re e  success ive  io n o p h o re t ic  
p u lse s  o f  FMRFamide, io n o p h o re t ic  a p p l ic a t io n  o f  FIRFamide 
fo l lo w in g  th e  FMRFamide induced d e s e n s it iz a t io n  f a i le d  to  
produce a response . The responses to  FMRFamide and 
FIRFamide re tu rn e d  a f t e r  a s h o r t  p e r io d  i n  th e  absence o f 
p e p t id e . In  th e  same neurone, the  FMRFamide response was 
v i r t u a l l y  a b o lis h e d  fo l lo w in g  a FIRFamide induced  - |
d e s e n s it iz a t io n .  S im ila r  c ro s s -d e s e n s it iz a t io n  was a ls o  #
observed between FLRFamide and FMRFamide (n = 2 ) .
T h is  ra p id  c ro s s -d e s e n s it iz a t io n  observed between 
these  th re e  p e p tid e s , to g e th e r w ith  th e  s im i la r i t y  o f  
t h e i r  re s p e c t iv e  responses on id e n t i f ie d  neurones, 
s u b s ta n t ia te s  th e  v iew  th a t  they a c t iv a te  th e  same 
re c e p to rs .
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3 .9  ARE TRE RECEPTORS MEDIATING THE INCREASE IN gNa AND 
THE INCREASE IN gK DIFFERENT?
The response o f  th e  F2 neurone to  FMRFamide in v o lv e d  
an in c re a s e  in  b o th  gNa and gK. The v a r i a b i l i t y  o f  th e  
re v e rs a l p o te n t ia l ,  and th e  r e s u l t s  o b ta in e d  w ith  K %
channel b lo c k e rs  was in te r p r e te d  as a s im u ltaneous 
a c t iv a t io n  o f  th e  in c re a s e  in  gNa and th e  in c re a se  in  gK 
responses by FMRFamide. Th is  ra is e d  th e  in te r e s t in g  
q u e s tio n  w he the r th e  re c e p to rs  a s s o c ia te d  w ith  th e  two 
responses a re  d i f f e r e n t .  The p o s s ib i l i t y  th a t  th e  
re c e p to rs  a re  d i f f e r e n t  was in v e s t ig a te d  by o b ta in in g  dose 
response r e la t io n s h ip s  f o r  the  FMRFamide induced in c re a s e  
in  gK and th e  FMRFamide induced in c re a s e  in  gNa.
FMRFamide was a p p lie d  by in je c t in g  q u a n t i t ie s  o f  
between 5 and 20 p i  o f  known c o n c e n tra t io n  to  th e  b a th  
u s in g  a G ils o n  p ip e t te .  I n i t i a l l y  th e  volume o f th e  ba th  
was 0 .8  m l, t h i s  s iz e  o f  ba th  re s u lte d  in  inadequa te  
m ix in g  o f  th e  in je c te d  p e p tid e  s o lu t io n ,  w h ich  was te s te d  
by in je c t in g  volum es o f  in k .  When th e  volume o f the  b a th  
was reduced to  0 .1  m l, m ix in g  o f  th e  in je c te d  s o lu t io n  was 
much more s a t is fa c to r y .
A t membrane p o te n t ia ls  more n e g a tiv e  than  ^40 mV, the
Cl neurone responded to  FMRFamide w ith  a pure  in c re a se  in
gK. The 01 neurone was th e re fo re  used to  o b ta in  th e  dose
response r e la t io n s h ip  f o r  th e  FMRFamide a c t iv a te d  in c re a se
in  gK. D u rin g  a p p l ic a t io n  o f  FMRFamide, th e  f lo w  o f
s o lu t io n  th rou g h  the  ba th  was s topped . A f te r  a p p lic a t io n
o f  FMRFamide, th e  induced response reached a steady s ta te ,
th e  va lu e  o f  w h ich  was taken  as th e  response am p litud e  f o r
t h a t  p a r t ic u la r  c o n c e n tra t io n  o f  FMRFamide. F o llo w in g  th e
response , th e  p re p a ra t io n  was washed by commencing th e
f lo w  o f  s o lu t io n .  Using t h is  method th e  th re s h o ld  f o r  th e
_ 0
a c t iv a t io n  o f  the  response was between 5x10“  and 
1x10 ^ M, w ith  maximal a c t iv a t io n  o c c u r r in g  around 
1x10 ^ M ( F ig .3 :3 9 ) .  S ince the  in c re a s e  in  gK was n o t 
d e s e n s it iz e d , a maximal response co u ld  be o b ta in e d .
The F2 neurone was th e  most r e a d i l y -  id e n t i f ia b le  
neurone d is p la y in g  th e  in c re a se  in  gNa response. 
T h e re fo re  t h i s  neurone was used to  o b ta in  th e  dose 
response r e la t io n s h ip  f o r  th e  a c t iv a t io n  o f  the  in c re a s e  
i n  gNa by FMRFamide. To e lim in a te  any co n ta m in a tio n  by 
th e  in c re a s e  in  gK w h ich  a ls o  o ccu rred  i n  th e  F2 neurone, 
th e  neurone was v o lta g e  clamped a t  -7 0  mV, which i s  c lo se  
to  E^. Because the  FMRFamide induced in c re a s e  in  gNa i s  
r a p id ly  d e s e n s it iz e d , a f u l l  dose response re la t io n s h ip  
c o u ld  n o t be o b ta in e d . However, a l im i t e d  range o f 
responses a t  v a r io u s  c o n c e n tra t io n s  was o b ta in e d
F ig .3 :3 9 .  Dose response r e la t io n s h ip  f o r  the  
FMRFamide a c t iv a t io n  o f  the  in c re a se  in  gK, The da ta  from  
f i v e  expe rim en ts  have been poo led , th e  bars  re p re se n t th e  
s tandard  e r ro r s .  The s o l id  l in e  i s  computed fro m :
N = C/(C + Kd)
where N i s  the  n o rm a lize d  response, C i s  th e  c o n c e n tra t io n  
o f  p ep tid e  and Kd i s  th e  d is s o c ia t io n  cons tan t o f th e  
re c e p to r f o r  w h ich  a va lu e  o f 1 .8x10 ^ M was used to  
genera te  t h i s  cu rve .
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(F ig .3 î4 0 A ) .  Note th a t  th e  th re s h o ld  c o n c e n tra t io n  f o r  
th e  a c t iv a t io n  o f  t h is  response, a t  1x10“ ^ M, was about 
one hundred tim e s  h ig h e r  than  th e  th re s h o ld  c o n c e n tra t io n  
f o r  th e  a c t iv a t io n  o f  th e  in c re a se  i n  gK (n = 1 ).
I t  co u ld  be argued th a t  the  th re s h o ld  v a lu e  o b ta in e d
f o r  t h i s  response was a r t i f i c i a l l y  h ig h  as a r e s u l t  o f
d e s e n s it iz a t io n .  To te s t  t h is  h y p o th e s is , a c o n tro l was
perform ed whereby FMRFamide was ionophoresed  o n to  th e  c e l l
in  a d d it io n  to  be ing  a p p lie d  to  th e  b a th . T h is  method
a llo w e d  a check to  be made on th e  d e s e n s it iz a t io n  s ta te  o f
th e  response fo l lo w in g  a p p lic a t io n  o f  th e  p e p tid e  to  th e
b a th . The io n o p h o re t ic  response to  FMRFamide was n o t
d e s e n s it iz e d  fo l lo w in g  a p p lic a t io n s  o f  low  c o n c e n tra t io n s
o f  FMRFamide to  th e  b a th , and a p p re c ia b le  des e n s i t iz a t io n
-5d id  n o t occur u n t i l  a c o n c e n tra t io n  g re a te r  than  1x10 M 
was a p p lie d  (F ig .3 ;4 0 B ) .  T h e re fo re  th e  h ig h  th re s h o ld  
v a lu e  f o r  th e  a c t iv a t io n  o f  t h is  response d id  n o t appear 
to  be a r e f le c t io n  o f  d e s e n s it iz a t io n .  T h is  r e s u l t  a ls o  
gave v a lu a b le  in fo rm a t io n  re g a rd in g  th e  c o n c e n tra t io n  o f  
FMRFamide re a ch in g  th e  neurone fo l lo w in g  an io n o p h o re t ic  
p u ls e .
A p a rt from  th e  obv ious d if fe re n c e  in  io n ic  
mechanisms, two o th e r  d if fe re n c e s  e x is t  between th e  
in c re a s e  i n  gNa and th e  in c re a se  in  gK. The in c re a s e  in  
gNa was r a p id ly  d e s e n s it iz e d , w h ile  th e  in c re a s e  in  gK 
does n o t appear to  become d e s e n s it iz e d , a ls o  th e  th re s h o ld
!A
F ig .3 :4 0 . Dose response r e la t io n s h ip  f o r  th e  
FMRFamide a c t iv a t io n  o f the  in c re a se  in  gNa response. A, 
r e la t io n s h ip  between response am p litud e  ( th e  o rd in a te  i s  
th e  m agnitude o f  th e  response and i s  p lo t te d  as p o s i t iv e )  
and c o n c e n tra t io n  o f  FMRFamide a p p lie d  to  an F2 neurone 
v o lta g e  clamped a t  -70  mV. B, io n o p h o re t ic  a p p l ic a t io n  o f 
FMRFamide (▼ ) in  c o n ju n c tio n  w ith  ba th  a p p lic a t io n  showed 
th a t  s u b th re s h o ld  c o n c e n tra tio n s  o f  FMRFamide d id  n o t 
produce d e s e n s it iz a t io n  o f  th e  response.
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f o r  th e  a c t iv a t io n  o f  the  in c re a s e  in  gNa was about one 
hundred t im e s  h ig h e r  than  th a t  f o r  the  in c re a se  in  gK. 
Both o f  these  d if fe re n c e s  may be in te rp re te d  as th e  
e x is te n c e  o f  d i f f e r e n t  re c e p to rs  a sso c ia te d  w ith  th e  
m e d ia tio n  o f  th e  in c re a s e  in  gNa and th e  in c re a se  in  gK.
3 .10  CHANGES INDUCED BY N-TERMINAL EXTENSIONS.
3 .1 0 .1  THE EFFECTS OF THE N-TERMINAL EXTENDED PEPTIDES ON 
IONIC CURRENTS.
2The s u b s t i t u t io n  o f  Met o f  FMRFamide f o r  e i th e r  Leu 
o r  l i e  had l i t t l e  e f f e c t  on th e  responses observed o r  on 
th e  po tency o f  th e  analogues a t  p roduc ing  these  responses 
in  H e lix  neurones. N -te rm in a l e x te n s io n s  o f  e i t h e r  
FMRFamide o r  FLRFamide, however, had a marked e f f e c t  on 
both  po tency and th e  type  o f  responses seen ( C o t t r e l l  and 
D av ies , 1985 ). Most o f  th e  r e s u l t s  i n  t h i s  s e c tio n  were 
o b ta in e d  u s in g  YGGFMRFamide, which i s  a p o te n t.a n a lo g u e  o f  
FMRFamide on many m o lluscan  m uscles (G reenberg, P a in te r  
and P r ic e ,  1981), and pQDPFLRFamide. R e ce n tly , 
pQDPFLRFamide was id e n t i f ie d  as one o f  the  FMRFamide 
p e p tid e s  p re s e n t in  th e  g a n g lia  o f H e lix  (P r ic e ,  C o t t r e l l ,  
D oble, G reenberg, Jo renby, Lehman and Riehm, 1985). The 
N - te rm in a l extended p e p tid e s  cou ld  n o t be ionophoresed as 
w e l l  as th e  t e tra p e p t id e s ,  th e re fo re  lo c a l  a p p lic a t io n  
on to  s in g le  neurones was accom plished by p re ssu re  e je c t io n  
(see M e thods).
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Many neurones w ere  h y p e rp o la r iz e d  by YGGFMRFamide and 
pQDPFLRFamide, some o f  these  responses resem b lin g  th e  
in c re a s e  i n  gK induced  by th e  te t ra p e p t id e s .  L ik e  th e  K 
response o f  FMRFamide, a l t e r in g  th e  e x te rn a l K 
c o n c e n tra t io n  produced a concom itan t s h i f t  i n  th e  re v e rs a l 
p o te n t ia l  o f  a YGGFMRFamide response re co rd ed  from  a r ig h t  
p a r ie ta l  neurone, a s h i f t  o f  26 mV o c c u r r in g  on r a is in g  
e x te rn a l K c o n c e n tra t io n  from  5 to  15 mM (n=1, F ig .3 :^ 1 ) .  
I h is  was c lo se  to  th e  th e o r e t ic a l va lu e  o f  28 mV f o r  a 
pure K response .
Many o f  th e  h y p e rp o la r iz in g  responses produced by th e  
N -te rm in a l extended p e p tid e s  were d i f f e r e n t  to  those  
induced  by FMRFamide, be ing  much more ra p id  ( F ig .3 :4 2 ) ,
These responses were re co rd ed  as f a s t  ou tw ard  c u r re n ts  
under v o lta g e  clamp c o n d it io n s .  A com parison  o f  th e  r a te  
o f  decay o f  th e  f a s t  response w ith  th a t  o f  th e  FMRFamide — %
induced  in c re a s e  in  gK i s  shown in  F ig .3 :4 3 .  The r a te  o f 
decay was c o n s ta n t frc m  one c e l l  to  a n o th e r, and a ls o  frcm  
one a g o n is t to  a n o th e r. The decay appeared to  f i t  a 
s in g le  e x p o n e n tia l w ith  a tim e  c o n s ta n t o f  4 s .  The 
re v e rs a l p o te n t ia l  o f  th e  fa s t  response was c lo se  to  
(see F ig .3 :4 9 ) .
....... . \ ' V , ^
F ig .3 :4 1 . The e f fe c t  o f changing th e  e x te rn a l K 
c o n c e n tra t io n  on th e  in c re a se  in  gK induced  by 
YGGFMRFamide in  a neurone in  th e  r ig h t  p a r ie ta l  g a n g lio n . 
In  c o n t ro l s o lu t io n  ( 0 ,  5 mM K ), th e  YGGFMRFamide induced  
c u r re n t  was reduced to  ze ro  when th e  h o ld in g  p o te n t ia l  was 
-80  mV. . In c re a s in g  th e  K c o n c e n tra t io n  to  15 mM re s u lte d  
in  a re v e rs a l o f  the  response a t  -55  mV.
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F ig .3 :4 2 . Comparison o f  the  fa s t  in c re a s e  in  gK 
induced  by lo c a l  a p p l ic a t io n  o f  pQDPFLRFamide ( A )  in  two 
neurones ( to p  and m id d le  tra c e s )  w ith  th e  slow  in c re a s e  i n  
gK a c t iv a te d  by lo c a l a p p l ic a t io n  o f FMRFamide ( # )  on to  a 
Cl neurone. The h o ld in g  p o te n t ia l  in  mV i s  in d ic a te d  by 
th e  s id e  o f each re c o rd . The downward d e f le c t io n s  on the  
FMRFamide response a t  -40  mV a re  undamped axon s p ik e s .
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F ig .3 :4 3 . The ra te  o f  decay o f  the  fa s t  in c re a se  in  
gK induced by GDPFLRFamide ( |  ) and PFLRFamide (Q  ) (see 
la t e r )  in  one neurone, and by pQDPFLRFamide (A,V) i n  two 
o th e r neurones, compared w ith  th e  decay o f  two slow 
in c re a se s  in  gK induced by FMRFamide in  d i f f e r e n t  neurones 
( # , 0 $) ' The o rd in a te  i s  th e  n a tu ra l lo g  o f  th e  c u rre n ts  
no rm a lize d  to  th e  maximum a m p litud e  o f th e  re s p e c tiv e  
responses. The ra te  o f decay o f  th e  slow in c re a se  in  gK 
i s  v a r ia b le ,  b u t the  decay o f  the  fa s t  in c re a se  in  gK 
induced  by d i f f e r e n t  N -te rm in a l extended p e p tid e s , even in  
d i f f e r e n t  neurones, i s  rem arkab ly  s im i la r .
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3 . 1 0 . 2  THE EFFECT OF K CHANNEL BLOCKERS ON THE FAST 
HYPERPOLARIZATION.
The f a s t  h y p e rp o la r iz a t io n  was s e n s i t iv e  to  th e  K 
c u r re n t  b lo c k e rs  TEA and Cs'*’ io n s . 30 mM TEA reduced th e  
a m p litu d e  o f th e  f a s t  outward c u r re n t  e l i c i t e d  by 
pQDPFLRFamide (n=2, F ig .3 :4 4 A ) . The response was le s s
s e n s it iv e  to  TEA th a n  th e  FMRFamide induced in c re a s e  in  gK 
( c . f .  F ig . 3 :9 ) .  I n t r a c e l lu la r  Cs^ io n s  m arked ly 
a tte n u a te d  th e  response . The am p litud e  o f  th e  response o f  
a neurone in  th e  r ig h t  p a r ie ta l  g a n g lio n  to  pQDPFLRFamide 
f e l l  by 80% a f t e r  12 m inu tes  fo l lo w in g  im palem ent w ith  a 
re c o rd in g  e le c tro d e  f i l l e d  w ith  CsCl (n=1 , F ig .3 :4 4 B ) .
These r e s u l t s ,  to g e th e r w ith  the  re v e rs a l p o te n t ia l  and 
v o lta g e  dependency a re  c o n s is te n t w ith  th e  f a s t  
h y p e rp o la r iz a t io n  be ing  m ediated by a f a s t  in c re a se  in  
gK.
The h e p ta p e p tid e s  a c t iv a te d  bo th  f a s t  and slow  
in c re a se s  i n  gK, a ltho u gh  they were le s s  p o te n t tha n  
FMRFamide a t  p ro du c in g  th e  slow in c re a se  in  gK (see page 
104). A c t iv a t io n  o f  a f a s t  in c re a s e  in  gK by FMRFamide 
was n o t observed . F u rth e r ev idence th a t  these  two K 
responses were d i f f e r e n t ,  and n o t m ere ly  an a r te fa c t  o f  
c o n c e n tra t io n , was in d ic a te d  by two e xpe rim en ts . The 
f i r s t  in v o lv e d  th e  response o f an u n id e n t i f ie d  neurone in  
th e  r i g h t  p a r ie ta l  g a n g lio n  to  pQDPFLRFamide ( F ig .3 :4 5 ) .  3
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T h is  neurone responded to  a p p l ic a t io n  o f  pQDPFLRFamide 
w ith  a co m b in a tio n  o f  a f a s t  and slow  in c re a s e  in  gK.
A lt e r in g  th e  p o s i t io n  o f  th e  pQDPFLRFamide m ic ro p ip e tte  
changed th e  r e la t iv e  components o f  th e  resp on se . Th is  
suggested t h a t  th e re  may be a d i f f e r e n t ia l  d is t r ib u t io n  on 
th e  neurone o f  th e  re c e p to r- io n o p h o re  com plexes p roduc ing  
th e  responses as was found  f o r  ACh in  Navanax by L e v ita n  ji
and Tauc (3 9 7 2 ).
A second e xp e rim e n t c o n s is te d  o f  o b s e rv in g  th e  e f fe c t  
o f  in c re a s in g  th e  d is ta n c e  o f  the  pQDPFLRFamide p ip e t te  on 
th e  a m p litu d e  and tim e  course o f th e  f a s t  in c re a s e  in  gK.
The r e s u l t  o f  such an expe rim en t i s  shown in  F ig .3 :4 b .  As 
th e  p e p tid e  p ip e t te  i s  moved away, th e  a m p litu d e  o f  th e  
response decreased, a lth o u g h  the  tim e  course  o f the  
response was u n a lte re d . There was a ls o  an in c re a s in g  
d e la y  between th e  p re ssu re  p u lse  and th e  onse t o f  th e  
response as th e  d is ta n c e  o f - th e  pQDPFLRFamide p ip e t te  from  
th e  c e l l  was in c re a s e d . Thus two h y p e rp o l a r iz in g  
responses were induced  by FMRFamide p e p t id e s ; a f a s t  
in c re a s e  in  gK and a slow  in c re a se  in  gK.
F ig .3 :4 4 .  The e f fe c t  o f TEA and i n t r a c e l l u l a r  Cs on 
th e  fa s t  in c re a s e  in  gK induced  by pQDPFLRFamide in  
d i f f e r e n t  neurones i n  th e  r ig h t  p a r ie ta l  g a n g lio n . Both 
neurones were v o lta g e  clamped a t  -40  mV. A, exposure o f 
th e  p re p a ra t io n  to  s o lu t io n  c o n ta in in g  30 mM TEA s l ig h t l y  
reduced th e  response to  lo c a l l y  a p p lie d  pQDPFLRFamide 
( A ) .  The response recovered  a f t e r  w ashing w ith  c o n tro l 
s o lu t io n .  B, im palem ent o f a neurone w ith  a re c o rd in g  
e le c tro d e  f i l l e d  w ith  2 M CsCl re s u lte d  i n  a marked 
re d u c t io n  w ith  tim e  in  th e  a m p litu d e  o f  th e  pQDPFLRFamide 
induced  fa s t  in c re a s e  in  gK.
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F ig .3 :4 5 . A p p lic a t io n  o f  pQDPFLRFamide to  a neurone 
i n  the  r ig h t  p a r ie ta l  g a n g lio n  evoked a response w h ich  was 
a com b ina tion  o f  s low  and f a s t  in c re a s e s  in  gK. The 
neurone was v o lta g e  clamped a t  -3 0  mV and pQDPFLRFamide 
was a p p lie d  by p re ssu re  e je c t io n  from  a m ic ro p ip e tte  
(A). Each tra c e  shows th e  response observed a f t e r  
p la c in g  th e  p e p tid e  p ip e t te  in  d i f f e r e n t  p o s it io n s  around 
th e  soma o f the  c e l l .
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F ig .3 :4 6 .  A neurone in  th e  r ig h t  p a r ie ta l  g a n g lio n  
respond ing  to  pQDPFLRFamide w ith  a f a s t  in c re a se  in  gK was 
v o lta g e  clamped a t  -40  mV. The p e p tid e  was a p p lie d  by 
p ressu re  e je c t io n  (A). On m oving th e  p e p tid e  p ip e t te  
f u r th e r  away from  the  neurone in  sm a ll s te p s , the  
a m p litud e  o f th e  response decreased, a lthough  th e  tim e  
course rem ained s im i la r .  The d e la y  between p e p tid e  
a p p lic a t io n  and th e  onset o f th e  response in c re a s e d  
a c c o rd in g ly ,  thu s  th e  response does n o t appear to  be a 
p ressu re  a r te fa c t .  The inw a rd  d e f le c t io n  in  th e  top  
re c o rd in g  im m e d ia te ly  fo l lo w in g  p e p tid e  a p p l ic a t io n  i s  
p robab ly  a p re ssu re  a r te fa c t .
▲T "
10s
|ln A
-  98 —
3 .1 0 .3  ACTIVATION OF THE VOLTAGE DEPENDENT RESPONSE IN THE 
01 NEURONE BY pQDPFLRFamide.
I
YGGFMRFamide has been re p o rte d  to  be more p o te n t than  
FMRFamide a t  p rodu c in g  th e  v o lta g e  dependent response in  
th e  01 neurone. A p p lic a t io n  o f  pQDPFLRFamide on to  t h is  
neurone a ls o  induced th e  v o lta g e  dependent response 
(D a v ie s , 1984). The r e la t io n  between response am p litude  
and membrane p o te n t ia l  was s im i la r  to  th a t  o f the  
YGGFMRFamide and 5-HT responses ( F ig .3 :4 7 ) .  L ik e  
YGGFMRFamide, pQDPFLRFamide was more p o te n t than  FMRFamide 
a t  p ro d u c in g  t h i s  response.
3 .1 0 .4  THE N-TERMINAL EXTENDED PEPTIDES DID NOT ACTIVATE 
THE INCREASE IN gNa.
The in c re a s e  in  gNa response was p re s e n t in  bo th  E13 
and F2 neurones. Loca l a p p lic a t io n  o f  YGGFMRFamide, 
pQDPFLRFamide and PFLRFamide on to  these  neurones d id  n o t 
produce an in c re a s e  in  gNa (n=15, F ig .3 :4 8 ) .  T h is  r e s u l t  
u s in g  p re ssu re  e je c t io n  o f  th e  p e p tid e s  was con firm ed  by 
th e  f a i l u r e  o f  ba th  a p p lic a t io n  o f  1 mM YGGFMRFamide to  
e l i c i t  t h is  response (n = 1 ).
   2 •  _ !
F ig .3 :4 7 . A c t iv a t io n  o f  th e  v o lta g e  dependent 
decrease in  gK by pQDPFLRFamide in  a v o lta g e  clamped Cl 
neurone. The response was absent a t -45  mV, b u t in c re a se d  
m arkedly w ith  d e p o la r iz a t io n .  The in s e t  shows an example 
o f the  c u rre n t induced  a t  a h o ld in g  p o te n t ia l  o f  -3 0  mV.
Vh (mV)
50 30
to pQDPFLRFamide
Vh -3 0CL
1 nA
30s
F ig .3 :4 8 . A p p lic a t io n  o f  pQDPFLRFamide to  an F2 
neurone ( to p )  and YGGFMRFamide to  an E l3 neurone (bo ttom ) 
f a i le d  to  a c t iv a te  the  in c re a se  in  gNa, which was evoked 
by FMRFamide in  bo th  o f  these  neurones. The p e p tid e  
p ip e t te s  were p laced  in  s e v e ra l p o s it io n s  to  account f o r  
th e  p o s s ib i l i t y  o f  a lo c a l iz e d  d is t r ib u t io n  o f  re c e p to rs . 
The reason f o r  th e  f a i lu r e  o f  pQDPFLRFamide to  a c t iv a te  an 
in c re a s e  in  gK in  th e  F2 neurone i s  n o t known. T h is  
r e s u l t  was co n firm e d  by ba th  a p p lic a t io n  (see t e x t ) .
p Q D P F LR Fam id e  FM RFamide  T T
30s
1nA
FMRFamideT
YGGFMRFamide
Vh -80
30s
1nA
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The responses observed w ith  th e  N - te rm in a l extended 
p e p tid e s  w ere v e ry  d i f f e r e n t  t o  tho se  induced  by the  
te t r a p e p t id e s .  The m ain d if fe re n c e s  w ere  th e  la c k  o f 
a c t iv a t io n  o f  th e  in c re a s e  in  gNa, and th e  p ro d u c tio n  o f  a 
f a s t  in c re a s e  i n  gK by th e  lo n g e r ch a in  p e p tid e s . The 
n e x t s e c t io n  d e s c r ib e s  th e  r e s u l t s  o b ta in e d  when th e  
e f f e c t  o f  th e  N - te rm in a l extended p e p tid e s  were compared 
w ith  th e  e f fe c ts  o f  FMRFamide and FLRFamide on Cl and F2 
neurones.
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3.11 COMPARISON OF THE RESPONSE OF THE F2 NEURONE TO 
FMRFamide, YGGFMRFamide AND pQDPFLRFamide.
The in c re a s e  in  b o th  gNa and gK induced  by FMRFamide 
i n  th e  F2 neurone p ro v id e d  a u s e fu l system  f o r  com paring 
th e  a c t io n s  o f  FMRFamide w ith  those  o f  th e  extended 
p e p t id e s . The e f fe c t s  o f  the  p e p tid e s  w ere  compared by 
lo c a l  a p p lic a t io n  o n to  v o lta g e  clamped F2 neurones. A 
com parison o f  th e  e f fe c t s  was o f te n  made over a range o f 
h o ld in g  p o te n t ia ls .
The r e la t io n s h ip  between response a m p litude  and 
h o ld in g  p o te n t ia l  f o r  the  e f fe c ts  o f  FMRFamide and 
YGGFMRFamide on an F2 neurone i s  shown in  F ig .3 :4 9 A . The 
FMRFamide response c le a r ly  reve rsed  between -40  and 
-50 mV, However, th e  YGGFMRFamide response was an outward 
c u r re n t  a t  a l l  p o te n t ia ls  le s s  n e g a tiv e  tha n  -80 mV. An 
a lm o s t id e n t ic a l  r e s u l t  was o b ta in e d  when th e  e f fe c ts  o f  
pQDPFLRFamide and FMRFamide were compared i n  a d i f f e r e n t  
F2 neurone, a lth o u g h  in  t h is  neurone, the  re v e rs a l 
p o te n t ia l  o f  th e  FMRFamide response was more p o s i t iv e  
(F ig .3 :4 9 B ) .  The re v e rs a l p o te n t ia l  o f  th e  pQDPFLRFamide 
response was -80  mV ( th e  same p o te n t ia l  a t  w h ich  th e  
YGGFMRFamide induced  c u r re n t  was l i k e l y  re ve rse  in  th e  
expe rim en t shown in  F ig .3 :4 9 A ) . The response o f t h is  F2 
neurone to  YGGFMRFamide (o b ta in e d  a t  two h o ld in g  
p o te n t ia ls  o n ly )  was ve ry  s im i la r  to  th e  pQDPFLRFamide
.. . ■ - i l ': .  . ■ , X  - f t
_ _ — ,—   -----
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response, b o th  hav ing  th e  c h a r a c te r is t ic s  o f  th e  fa s t  
in c re a s e  i n  gK ( F ig .3 :5 0 ) .
Responses induced  i n  th e  F2 neurone by YGGFMRFamide 
and pQDPFLRFamide were th e re fo re  q u i te  d i f f e r e n t  to  those  
induced  by FMRFamide. The d if fe re n c e s  observed were 
c o n s is te n t  w ith  a la c k  o f  a c t iv a t io n  o f  th e  in c re a se  in  
gNa by YGGFMRFamide and pQDPFLRFamide, w h ich  was a ls o  
e v id e n t i n  E13. Thus th e  F2 neurone responded to  these  
two p e p tid e s  w ith  an in c re a s e  in  gK o n ly .
3 .1 2  THE EFFECTS OF PFLRFamide RESEMBLE THOSE OF THE 
HEPTAPEPTIDES.
E x ten d ing  th e  N -te rm in a l o f  FMRFamide o r  FLRFamide by 
th re e  amino a c id s  produced marked a l t e r a t io n s  in  
b io lo g ic a l  a c t i v i t y .  _ These in c lu d e d  a la c k  o f  a c t iv a t io n  
o f  th e  in c re a s e  in  gNa response and an app a re n t in c re a se  
in  po tency a t  p ro du c in g  th e  v o lta g e  dependent response . 
I t  was th e re fo re  in te r e s t in g  to  compare th e  e f fe c ts  o f  a 
s in g le  amino a c id  e x te n s io n  o f  the  N - te rm in a l w ith  those 
o f  th e  te t ra p e p t id e s .  The p e p tid e  used in  t h i s  
in v e s t ig a t io n  was PFLRFamide, which was compared w ith  
FLRFamide in  o rd e r to  keep th e  s t ru c tu re  as c lo se  as 
p o s s ib le .
F ig .3 :4 9 . A, com parison o f  the  response o f an F2 
neurone to  lo c a l  a p p lic a t io n  o f  FMRFamide and 
YGGFMRFamide. B, com parison o f th e  response o f  a no the r F2 
neurone to  lo c a l ly  a p p lie d  FMRFamide and pQDPFLRFamide. 
Both F2 neurones were v o lta g e  clamped. The a m p litu d e s  o f 
th e  responses a re  p lo t te d  a g a in s t h o ld in g  p o te n t ia l .
#  Y G G F M R F a m id e  
■  FMR Fam ide
Q.
Vh(mV3-60
-80 -20-40
#  pQDPFLRFamide 
■  FMRFamide
<  4
Q.
-90 -70 -50 -30
F ig .3 :5 0 .  Recordings o f  th e  responses o b ta in e d  from  
th e  F2 neurone o f  F ig .3 :4 9 B . A p p lic a t io n  o f  bo th
pQDPFLRFamide and YGGFMRFamide o n to  t h i s  neurone produced
a fa s t  in c re a se  in  gK. The c u r re n t  response to  FMRFamide
was inw a rd  a t  bo th  p o te n t ia ls  shown. Vh, h o ld in g
p o te n t ia l  (mV).
1pQDPFLRFamide FMRFamide
Vh -30
30s
YGGFMRFamideT
2.5nA
30s
2.5 n Ai
pQDPFLRFamide FMRFamide T T
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Both FLRFamide and PFLRFamide w ere a p p lie d  by 
p re ssu re  e je c t io n  o n to  in d iv id u a l  neurones, o r by 
advancing a *le a ky *  m ic ro p ip e tte  c lo s e  to  th e  c e l l .  
Advancing a le a k y  FLRFamide c o n ta in in g  p ip e t te  c lo se  to  an 
F2 neurone v o lta g e  clamped a t  -80  mV produced an inw ard  
c u r re n t  as th e  r e s u l t  o f  th e  a c t iv a t io n  o f  th e  in c re a se  in  
gNa. A s im i la r  p rocedu re  u s in g  a p ip e t te  c o n ta in in g  
PFLRFamide had no e f f e c t ,  su g g e s ting  t h a t  PFLRFamide, l i k e  
the  h e p ta p e p tid e s  d id  n o t a c t iv a te  th e  in c re a s e  in  gNa. A 
s im i la r  p rocedure  perfo rm ed when th e  h o ld in g  p o te n t ia l  was 
a t  -50  mV re s u lte d  i n  b o th  p e p tid e s  in d u c in g  an outward K 
c u r re n t  (n=2, F ig .3 :5 1 A ) .  Th is a c te d  as a c o n tro l to
ensure  th a t  a s u f f i c i e n t  c o n c e n tra t io n  o f  bo th  p e p tid e s  
was re a ch in g  th e  neurone. No in te r a c t io n  between 
FLRFamide and PFLRFamide on th e  F2 neurone was seen. 
A p p lic a t io n  o f  FLRFamide caused an in c re a s e  i n  gNa, which 
remained u n a lte re d  d u r in g -  -s im u lta n eo u s  a p p lic a t io n  o f  
PFLRFamide (F ig .3 :5 1 B ) .  T h e re fo re  PFLRFamide d id  n o t 
an tagon ise  FLRFamide, n e ith e r  d id  i t  cause a 
d o s e n s it iz a t io n  o f  th e  FLRFamide response .
Pressure  e je c t io n  o f  PFLRFamide o n to  an u n id e n t i f ie d  
neurone in  th e  r i g h t  p a r ie ta l  g a n g lio n  produced an 
in c re a s e  in  gK. The r e la t io n s h ip  between membrane 
p o te n t ia l  and response a m p litu d e  resem bled th a t  f o r  the  
FMRFamide and pQDPFLRFamide K responses ( F ig .3 :5 2 ) .  
A p p lic a t io n  o f  PFLRFamide on to  a n o th e r neurone induced a
F ig .3 :5 1 .  Comparison o f  th e  e f fe c t  o f FLRFamide and 
PFLRFamide on an F2 neurone. A, advancing le a k y  p ip e t te s  
c o n ta in in g  FLRFamide ( A )  and PFLRFamide ( # )  tow ards a 
v o lta g e  clamped F2 neurone. A t a h o ld in g  p o te n t ia l  o f  
-50  mV, both p e p tid e s  produce an in c re a s e  in  gK. A t
-80 mV, FLRFamide induced an in c re a s e  in  gNa, b u t no
response was induced by PFLRFamide. B, th e  in c re a s e  in
gNa induced by FLRFamide (▼ ) was u n a ffe c te d  by the
a p p lic a t io n  o f  PFLRFamide ( s o l id  l i n e ) .  The c o n c e n tra t io n  
o f p e p tid e s  in  th e  p ip e t te s  was 1 mM.
-%
Vh -50
30s
2.5nA
Vh -80
30s
1nA
B
PFLRFamide
30s
2.5nA
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F ig .3 :5 2 . R e la t io n s h ip  between h o ld in g  p o te n t ia l  and 
th e  am p litude  o f  the  PFLRFamide induced  outw ard  c u r re n t  in  
an u n id e n t i f ie d  neurone in  the  r ig h t  p a r ie ta l  g a n g lio n . 
The v o lta g e  dependency i s  v e ry  s im i la r  to  th e  in c re a s e  in  
gK induced  by th e  o th e r p e p tid e s  ( c . f .  F ig .3 :4 9 . ) .
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f a s t  in c re a s e  i n  gK. In te r e s t in g ly  GDPFLRFamide a ls o  
produced a f a s t  in c re a s e  i n  gK i n  th e  same neurone. These 
r e s u l t s  show th a t  th e  e f fe c ts  induced  by PFLRFamide 
resem ble tho se  induced  by th e  h e p ta p e p tid e s . Thus i t  
seems t h a t  e x te n d in g  th e  N -te rm in a l by one p ro l in e  a l t e r s  
th e  b io lo g ic a l  a c t i v i t y  q u i te  m a rked ly .
3 .13  COMPARISON OF THE RESPONSE OF THE Cl NEURONE TO 
FMRFamide, YGGFMRFamide AND pQDPFLRFamide.
FMRFamide r e l ia b ly  produced an in c re a s e  in  gK in  the  
Cl neurone. T h is  in c re a s e  in  gK had a tendency to  mask 
th e  decrease i n  gK w h ich  a ls o  o ccu rre d  i n  t h is  neurone. 
O c c a s io n a lly  b o th  YGGFMRFamide and pQDPFLRFamide induced 
an in c re a s e  i n  gK in  th e  Cl neurone. When th e  in c re a s e  in  
gK was observed i t  was s im i la r  to  th e  FMRFamide induced
in c re a se  i n  gK (F ig .3 :5 3 A ) .  A f a s t  K response was n o t
observed i n  th e  Cl neurone. Both YGGFMRFamide and 
pQDPFLRFamide a c t iv a te d  th e  decrease in  gK in  p re fe re n ce  
to  p ro d u c in g  an in c re a s e  in  gK (F ig ,3 ;5 3 B ) .  In fa c t  a
s u b s ta n t ia l slow  in c re a s e  in  gK was r a r e ly  induced by the  
h e p ta p e p tid e s .
There a re  many p o s s ib le  in te r p r e ta t io n s  o f  the
r e s u l ts  o b ta in e d  from  th e  Cl neurone. I t  co u ld  be th a t  
the  h e p ta p e p tid e s  were more p o te n t a t  p ro du c in g  th e  
decrease i n  gK, le s s  p o te n t a t  p ro d u c in g  an in c re a s e  in  
gK, o r a co m b in a tio n  o f  these two p o s s ib i l i t i e s .  Because
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o f  the  d i f f i c u l t y  in  se p a ra tin g  th e  v o lta g e  dependent 
response frcan th e  in c re a s e  in  gK, i t  was d i f f i c u l t  to  
o b ta in  r e la t iv e  p o te n c ie s  o f  the  p e p tid e s  a t  in d u c in g  th e  
v o lta g e  dependent response. However, a dose response 
r e la t io n s h ip  f o r  th e  YGGFMRFamide a c t iv a t io n  o f  th e  
in c re a s e  in  gK was o b ta in e d  by v o lta g e  c lam p ing  a Cl 
neurone a t  -4 5  mV, a p o te n t ia l a t  w h ich  th e  v o lta g e  
dependent response was n o t a c t iv a te d .  The r e la t io n s h ip  
o b ta in e d , compared w ith  th e  re la t io n s h ip  f o r  th e  FMRFamide 
a c t iv a t io n  o f  th e  response in  th e  same neurone, i s  shown 
in  F ig .3 :54  (n = 1 ). The maximal response e l i c i t e d  by 
YGGFMRFamide was much s m a lle r than  t h a t  induced  by 
FMRFamide. In  a n o th e r Cl neurone, 1x10~^ M pQDPFLRFamide 
d id  n o t produce a s u b s ta n t ia l in c re a se  in  gK.
The g re a te r  potency o f  the  h e p ta p e p tid e s  a t  p ro du c in g  
th e  decrease in  gK co u ld  th e re fo re  be e x p la in e d  by t h e i r  
lo w e r potency tow ards a c t iv a t in g  th e  s low  in c re a se  in  gK. 
However, i t  i s  n o t known w hether th e re  i s  a d if fe re n c e  in  
potency between these N7 te rm in a l extended p e p tid e s  and th e  
te tra p e p t id e s  tow ards in d u c in g  th e  v o lta g e  dependent 
decrease in  gK.
F ig .3 :5 3 . A, bo th  FMRFamide and pQDPFLRFamide 
produced a s im i la r  slow  in c re a s e  in  gK when a p p lie d  to  a 
Cl neurone v o lta g e  clamped a t  -40  mV. In  a d i f f e r e n t  Cl 
neurone, YGGFMRFamide a ls o  produced a slow in c re a s e  in  
gK. B, d i f f e r e n t  responses induced  in  a Cl neurone by- 
a p p lic a t io n  o f  FMRFamide and pQDPFLRFamide. FMRFamide 
produced m a in ly  a slow in c re a se  in  gK, w h ile  pQDPFLRFamide 
induced th e  v o lta g e  dependent response o n ly . Vh, h o ld in g  
p o te n t ia l .
pQDPFLRFamide
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FMRFamide T
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YGGFMRFamideT
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80s
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F ig ,3 :5 4 . Comparison o f  the  a c t iv a t io n  o f  the  
in c re a se  in  gK by FMRFamide and YGGFMRFamide in  a Cl 
neurone v o lta g e  clamped a t  -45  mV. The responses were 
no rm a lized  to .  th e  e s tim a te d  maximum FMRFamide response. 
( # )  FMRFamide, ( O )  YGGFMRFamide. The s o l id  l in e s  a re  a 
p lo t  o f :
N = C/(C + Kd)
where N i s  th e  no rm a lized  response, C i s  th e  c o n c e n tra t io n  
o f p e p tid e  and Kd i s  th e  d is s o c ia t io n  c o n s ta n t. The Kd 
va lu es  used were 8x10~^ f o r  FMRFamide and 1.2x10~^ f o r  
YGGFMRFamide.
Q.
6 48
log peptide cone,
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3 .14  COMPARISON OF THE ACTIONS OF NON-FMHFamide PEPTIDES 
WITH THOSE OF FMRFamide.
The s p e c i f i c i t y  o f  th e  a c t io n s  o f  FMRFamide p e p tid e s  
was te s te d  by th e  a p p l ic a t io n  o f  v a r io u s  o th e r  p e p tid e s  to  
neurones w h ich  responded to  FMRFamide. The non-FMRFamide 
p e p tid e s  te s te d  w ere :
YGGFMRF 
YGGFM 
pQDPFL RL amide 
pQDPFLRIamide
These p e p tid e s  w ere a p p lie d  lo c a l ly  to  th e  Cl neurone, the  
F2 neurone and a number o f  o th e r  u n id e n t i f ie d  neurones. iN e ith e r  pQDPFLRLamide no r pQDPFLRIamide induced  responses {
when te s te d  on th e  C l and F2 neurones o ve r a range o f  '
h o ld in g  p o te n t ia ls  (n = 2 ) . In  an u n id e n t i f ie d  c e l l  in  th e
r ig h t  p a r ie ta l  g a n g lio n , a p p lic a t io n  o f  b o th  pQDPFLRLamide |
'I
and pQDPFLRIamide f a i le d  to  produce a response c t t  {
-4c o n c e n tra t io n  o f  1x10 M. The response to  pQDPFLRFamide 
in  t h i s  neurone was a f a s t  in c re a se  in  gK.
L o c a lly  a p p lie d  YGGFM (m e t-e n k e p h a lin ) to  th e  Cl 
neurone produced a v o lta g e  dependent in w a rd  c u r re n t  (n = 4 ), 
however, the  potency o f  YGGFM was lo w e r th a n  th a t  o f  
YGGFMRFamide a t  p ro d u c in g  t h i s  resp on se . No o th e r
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FM RFam ide-like responses w ere observed w ith  YGGFM. No 
responses were induced by YGGFMRF on e i t h e r  the  Cl o r  th e  
F2 neurone.
I
i
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3 .15  SUMMARY OF THE RESULTS.
The a c t io n s  o f  FMRFamide and scane FMRFamidô analogues 
on H e lix  neurones were in v e s t ig a te d  u s in g  
e le c tr o p h y s io lo g ic a l te ch n iq u e s , FMRFamide induced th re e  
d i f f e r e n t  responses, two in v o lv in g  an in c re a se  in  
conductance and one the  r e s u l t  o f  a decrease in  
conductance. The th re e  responses observed w ere :
(1 ) in c re a s e  in  gK
(2 ) in c re a s e  in  gNa
(3 ) decrease in  gK
The io n ic  mechanism u n d e r ly in g  th e  decrease in  gK was more 
d i f f i c u l t  to  s tudy tha n  th e  o th e r two, however i t  appeared 
to  be a decrease in  a K c u r re n t  w hich may be s e n s it iv e  to  
c y c l ic  n u c le o t id e s .
In te r e s t in g  e f fe c t s  were observed when FMRFamide 
ana logues were te s te d .  The te t ra p e p t id e s  behaved v e ry  
much l i k e  FMRFamide, b u t th e  N -te rm in a l extended p e p tid e s  
behaved d i f f e r e n t l y .  The m a jo r d if fe re n c e  was th e  la c k  o f  
a c t iv a t io n  o f  th e  in c re a s e  in  gNa and th e  a c t iv a t io n  o f  a 
fo u r th  response, a f a s t  in c re a se  in  gK, by the  extended 
p e p tid e s . The FMRFamide p e p tid e s  co u ld  th e re fo re  be 
d iv id e d  in t o  two groups a cco rd in g  to  t h e i r  b io lo g ic a l  
a c t i v i t y ,  they  a re  th e  te tra p e p t id e s  w h ich  a c t iv a te  m a in ly
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an in c re a s e  in  gNa and a slow in c re a se  i n  gK, and th e  
N -te rm in a l extended p e p tid e s  w h ich  a c t iv a te  m a in ly  a f a s t  
in c re a s e  in  gK and a v o lta g e  dependent decrease in  gK.
CHAPTER 4
DISCUSSION
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In  many re s p e c ts , FMRFamide e x h ib i t s
• t r a n s m it te r - l ik e *  e f f e c t s  on H e lix  neurones. These 
in c lu d e  the  in c re a s e  in  gK and in c re a s e  i n  gNa responses, 
w hich cause a h y p e rp o la r iz a t io n  and d e p o la r iz a t io n  o f  the  
neurones e x h ib i t in g  the se  responses. On th e  o th e r hand, 
the  v o lta g e  dependent decrease in  gK, induced m a in ly  by 
N -te rm in a l extended ana logues, be ing  absen t a t  re s t in g  
membrane p o te n t ia ls ,  im p lie s  a neuroraodu la tory a c t io n  by 
these p e p tid e s . The a c t io n s  o f  FMRFamide and re la te d
4.1 ACTIONS OF FMRFamide.
FMRFamide e x e rte d  th re e  io n ic  a c t io n s  on H e lix
neurones. Two o f  these  were th e  r e s u l t  o f  an in c re a se  in  
io n ic  conductance and th e  t h i r d  was th e  r e s u l t  o f a 
decrease in  io n ic  conductance. Mary o th e r  compounds 
induce  m u lt ip le  a c t io n s  on m o lluscan  neurones, f o r  example 
ACh (Kehoe, 1972a), 5-HT (G e rschen fe ld  and 
P a u p a rd in -T r its o h , 1974) and dopamine (A scher, 1972; B e rry  
and C o t t r e l l ,  1979). In  some cases th e  d iv e r s i t y  o f  î
e f fe c ts  produced by a s in g le  n e u ro tra n s m it te r  may be 
a t t r ib u te d  to  th e  e x is te n c e  o f m u lt ip le  re c e p to r  s i te s  f o r
th a t  compound. Kehoe (1972b) re p o r te d  th a t  th e  th re e  ACh
responses i n  A n lv s ia  a re  m ediated by th e  a c t iv a t io n  o f  
th re e  d is t in c t  re c e p to rs .  M u lt ip le  re c e p to r  s i te s  have 
a ls o  been found f o r  5-HT (G e rsch en fe ld  and 
P a u p a rd in -T r its o h ; 1974), h is ta m in e  (G ru o l and W e in rich ,
1 9 8 0 ) and many o th e r compounds (Ascher and Kehoe, 1975).
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ana logues io n ic  conductances to g e th e r w ithon
im p l ic a t io n s  f o r  th e  e x is te n c e  o f  m u lt ip le  re c e p to r  s i te s
w i l l  be d iscussed  i n  d e t a i l  in  t h i s  c h a p te r
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4 .2  THE HYPERPOLARIZING RESPONSE INDUCED BY FMRFamide.
4 .2 .1  THE IONIC MECHANISM OF THE HYPERPOLARIZATION.
IWo responses r e s u l t in g  from  an in c re a s e  in  io n ic  
conductance were induced  by a p p lic a t io n  o f  FMRFamide on to  
in d iv id u a l  neurones. One response was a
h y p e rp o la r iz a t io n ,  w hich was observed as an outw ard 
c u r re n t  under v o lta g e  clamp c o n d it io n s .  The o th e r was a 
d e p o la r iz a t io n ,  w hich was observed as an inw a rd  c u r re n t  
d u r in g  v o lta g e  clam p.
A l l  h y p e rp o la r iz in g  responses, w ha tever t h e i r  
p a r t ic u la r  mechanism, r e s u l t  in  an in c re a s e  in  th e  n e t 
amount o f  n e g a tiv e  charge w ith in  a c e l l .  In  th e  case o f  
the  FMRFamide induced  h y p e rp o la r iz a t io n  o f  s n a i l  neurones, 
t h is  was accom plished by an outward movement o f  K"^  io n s .  
T h is  was observed as an outward c u r re n t  d u r in g  v o lta g e  
clam p, w hich co u ld  be reversed  to  an in w a rd  c u r re n t  by 
h o ld in g  th e  membrane p o te n t ia l  more n e g a tiv e  tha n  E^.
The dependence o f  th e  response on e x te rn a l K 
c o n c e n tra t io n  y ie ld e d  v a lu a b le  in fo rm a t io n  re g a rd in g  th e  
s p e c i f i c i t y  o f  th e  channe ls a c tiv a te d  by FMRFamide. By 
d e f in i t io n ,  E^ i s  th e  p o te n t ia l a t  w h ich  th e  n e t f lo w  o f  
K"*" io n s  a c ro ss  th e  membrane i s  ze ro , re g a rd le s s  o f  th e
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membrane p e rm e a b ili ty  to  io n s .  T h e re fo re , i f  th e  
FMRFamide induced  conductance was due to  an in c re a se  in  
p e rm e a b ili ty  e x c lu s iv e ly  to  K"^  io n s , a p p lic a t io n  o f  
FMRFamide shou ld  n o t cause a change in  membrane c u r re n t  i f  
th e  membrane p o te n t ia l  was equa l to  E^. Because th e  
in t e r n a l  c o n c e n tra t io n  o f  K was n o t known a c c u ra te ly ,  an 
a b s o lu te  v a lu e  o f  E^ cou ld  n o t be o b ta in e d . T he re fo re , 
th e  change in  th e  re v e rs a l p o te n t ia l o f  th e  response was 
compared w ith  th e  c a lc u la te d  change in  E fo l lo w in g  
a l t e r a t io n s  o f  e x te rn a l K c o n c e n tra t io n . The re v e rs a l 
p o te n t ia l  o f  th e  FMRFamide response fo llo w e d  th e  
c a lc u la te d  change in  E^ when th e  e x te rn a l K c o n c e n tra t io n  
was a lte r e d .  O c c a s io n a lly  th e re  was a s l ig h t  d e v ia t io n  
between th e  m agnitude o f  th e  c a lc u la te d  change in  E^ and 
th e  observed change i n  th e  re v e rs a l p o te n t ia l  o f  the  
response . T h is  d is c re p a n cy  cou ld  a r is e  from  a change in  
th e  i n t r a c e l l u l a r  c o n c e n tra t io n  o f  K d u r in g  th e  course o f 
th e  expe rim en t, as was suggested f o r  a ca rbacho l induced 
in c re a se  in  gK in  A o ly s ia  (G insborg  and Kado, 1975). The 
c a lc u la t io n  o f  th e  change in  E^ fo l lo w in g  a l t e r a t io n s  o f  
e x te rn a l K c o n c e n tra t io n  assumes a c o n s ta n t in t r a c e l l u la r  
K c o n c e n tra t io n .  I f  t h i s  assum ption  was re la xe d  in  
p ra c t ic e ,  then  th e  c a lc u la te d  change would  d e v ia te  from  
th e  a c tu a l change in  E^.
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4 .2 .2  K CHANNEL BLOCKERS ATTENUATE THE INCREASE IN gK.
Both TEA and Cs^ io n s  have been shown to  b lo c k  K 
c u r re n ts  o f  m o llu sca n  soma (Hermann and Gorman, 1981b; 
T i l lo t s o n  and H orn, 197 8 ) .  TEA m arked ly  reduced th e  
FMRFamide induced K c u r re n t .  The c o n c e n tra t io n  o f  TEA 
used (30 mM) was com parable to  th a t  shown to  b lo c k  tim e  
and v o lta g e  dependent K c u r re n ts  i n  m o llu sca n  soma (50 mM 
Hermann and Gorman, 1981b; 100 mM Meech and Standen,
1975). T h is  i s  in  c o n tra s t  to  th e  much lo w e r 
c o n c e n tra t io n  (1 mM) used by Kehoe (1972a) to  b lo c k  ACh 
responses in  A o ly s ia . In  th e  c h o l in e rg ic  system o f  
A p ly s ia , TEA i s  b e lie v e d  to  i n h i b i t  a t  th e  ACh b in d in g  
s i t e ,  r a th e r  than  a t  th e  channel le v e l .  The re d u c t io n  o f  
the  FMRFamide response by TEA was v o lta g e  dependent, be ing  
g re a te r  a t  more n e g a tiv e  p o te n t ia ls .  A c a lc u la t io n  u s in g  
th e  da ta  o f  F ig .3 ;9  g iv e s  a re d u c t io n  o f  85^ a t  -50  mV and 
68% a t  -3 0  mV. A s im i la r  v o lta g e  dependency f o r  th e  b lo c k  
o f  K c u r re n ts  by e x te r n a l ly  a p p lie d  TEA, i . e .  g re a te r  
b lo c k  w ith  in c re a s in g  h y p e rp o la r iz a t io n ,  has been shown by 
Hermann and Gorman (1981b) T h is  im p lie d  th a t  TEA was 
a c t in g  on th e  channel w h ich  i s  a c t iv a te d  d u r in g  th e  
FMRFamide response, and n o t on th e  re c e p to r .
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I n t r a c e l lu la r  lo a d in g  o f  m o lluscan  neurones . by Cs 
le a d s  to  an a lm o s t com plete b lo c k  o f  K c u r re n ts . 
I n t r a c e l lu la r  Cs^ io n s  have been used i n  t h i s  way to  b lo c k  
K c u r re n ts  so as to  s u c c e s s fu lly  unmask o th e r  v o lta g e  
a c t iv a te d  c u r re n ts  i n  m o lluscan  soma (A k a ik e , Lee and 
Brown, 197 8; T i l lo t s o n  and Horn, 197 8 ) .  The e f f e c t  o f Cs 
on th e  FMRFamide response was in v e s t ig a te d  by in je c t in g  
Cs^ io n s  in t o  th e  c e l l  f ra n  a re c o rd in g  e le c tro d e  f i l l e d  
w ith  2 M CsCl s o lu t io n .  Because th e  neurones were 
im m e d ia te ly  im pa led  w ith  a Cs c o n ta in in g  e le c tro d e , no 
d i r e c t  c o n t r o l  was p o s s ib le ,  however th e  re d u c t io n  o f 
s teady s ta te  outw ard  c u r re n ts  p rogressed  w ith  tim e  a f t e r  
im pa lem ent, su g g e s tin g  th a t  the  re d u c t io n  in c re a se d  w ith  
in c re a s in g  c o n c e n tra t io n  o f  Cs^ io n s  in s id e  th e  c e l l .  A 
s im i la r  tim e  dependent re d u c t io n  in  th e  a m p litu d e  o f  the  
FMRFamide induced  K c u r re n t  was observed ; th e  lo n g e r the  
tim e  a f t e r  im pa lem ent, the n  th e  g re a te r  was th e  re d u c tio n  
in  th e  a m p litu d e  o f  th e  response.
T h is  FMRFamide induced in c re a s e  i n  gK has been 
re p o r te d  to  be s e n s i t iv e  to  4 -a m in o p y r id in e  (Boyd and 
W a lke r, 1985), w h ich  b lo cks  K c u r re n ts  t h a t  tend to  be 
ra th e r  in s e n s i t iv e  to  TEA (Thompson, 1977; Hermann and 
Gorman, 1981a). C o t t r e l l  ( 1982a) re p o r te d  t h a t  c o o lin g  th e  
p re p a ra t io n ,  w h ich  suppresses K m ed ia ted  responses in  
A P ly s ia  neurones (Kehoe, 1972a; Swann and C arpen te r, 
1975), a ls o  reduced th e  FMRFamide response .
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4 .2 ,3  THE VOLTAGE DEPENDENCE OF THE INCREASE IN gK.
The r e la t io n s h ip  between th e  a m p litu d e  o f  the  
FMRFamide induced K c u r re n t  and membrane p o te n t ia l  was 
n o n - l in e a r ,  th e  FMRFamide induced conductance be ing  
g re a te r  a t  d e p o la r iz e d  p o te n t ia ls .  T h is  r e c t i f i c a t i o n  
d is p la y e d  by th e  FMRFamide response was more pronounced 
tha n  th a t  p re d ic te d  by th e  co ns ta n t f i e l d  model o f  Goldman 
(1943) and Hodgkin and Katz (1 9 49 ), im p ly in g  th a t  the  
behav iou r o f  th e  channe ls a c t iv a te d  by FMRFamide was 
dependent i n  some way on membrane p o te n t ia l .  A l im ite d  
number o f  r e la x a t io n  experim en ts w ere perform ed to  
in v e s t ig a te  th e  v o lta g e  dependency o f  th e  in c re a s e  in  gK 
induced by FMRFamide. The r e s u l t s  o b ta in e d  from  these 
expe rim en ts  show th a t  th e  number o f  channe ls  open a t  any 
one tim e  in c re a se d  w ith  d e p o la r iz a t io n .  The number o f 
channe ls open a t  -120 mV was o n ly  60% o f  th e  number open 
a t  -50  mV. T h is  c o n tra s ts  w ith  th e  in c re a s e  i n  gK 
a c t iv a te d  by ACh in  A o ly s ia  neurones, where th e  number o f 
channels open a t  any one tim e  decreased w ith  
d e p o la r iz a t io n  (M arty  and Ascher, 197 8 ) .
The s im p le s t model proposed f o r  t r a n s m it te r  opera ted  
channels i s  th a t  o f  a c o n fo rm a tio n a l change between a 
c lo se d  (TR) and an open (TR ) s ta te  o f the  
re c e p to r-c h a n n e l complex fo l lo w in g  th e  b in d in g  o f  
t r a n s m it te r :
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D u rin g  ba th  a p p l ic a t io n  o f  t r a n s m it te r ,  t h i s  re a c t io n  i s  
presumed to  be a t  e q u il ib r iu m  (Magelby and S tevens, 1972; 
D ionne and S tevens, 1975; Neher and Sakmann, 1975). 
F o llo w in g  a v o lta g e  p e r tu rb a t io n ,  th e re  i s  an 
in s ta n ta n e o u s  jump, a f t e r  w h ich , i f  p a n d /o r  q a re  v o lta g e  
dependent, th e  c u r re n t  re la x e s  to  i t s  new e q u ilib r iu m  
v a lu e  w ith  a tim e  c o n s ta n t ( Y ) d e sc rib e d  by :
Y  = 1 /(p  + q) (4 .2 )
D u rin g  th e  a p p l ic a t io n  o f low c o n c e n tra t io n s  o f  
t r a n s m it te r ,  the  f r a c t io n  o f  open channe ls , p /(p  + q ) ,  
w i l l  be sm a ll (A sche r, M arty and N ie ld ,  1978), i . e .  
p «  q, and Y  s im p l i f ie s  to  1 /q . By d e f in i t io n ,  1/q i s  
th e  mean l i f e t im e  o f  th e  open ch an n e ls . From the  
re la x a t io n  tim e  c o n s ta n ts  o f  th e  FMRFamide induced 
conductance a t  -50  mV, a va lu e  o f  around 130 ms was 
o b ta in e d  f o r  the  mean l i f e t im e  o f  th e  open channels, 
assuming th a t  th e  f r a c t io n  o f  channe ls opened by FMRFamide 
was s m a ll ( i . e .  p «  q ) . An e r r o r  in  th e  re la x a t io n  
c u r re n ts  may a r is e  from  p o o r ly  clamped axona l processes, 
as axotomy o f  th e  neurones was n o t perfo rm ed (F in k e l,  
1983). T h is  may e x p la in  th e  v a r ia t io n  observed between 
th e  tim e  c o n s ta n ts  o f  th e  c u r re n t  r e la x a t io n s  ob ta in ed  
frcfflj d i f f e r e n t  neurones. F u rthe rm ore , th e  assum ption  th a t
. , ....
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p «  q may n o t n e c e s s a r ily  h o ld  under th e  c o n d it io n s  o f  
these  e xp e rim e n ts . I f  th e  va lu e  o f  p was n o t 
s ig n i f ic a n t ly  s m a lle r  tha n  q , then  th e  v a lu e  quo ted  f o r  
th e  mean open l i f e t im e  w ould be to o  sm a ll^  A decrease in  
th e  tim e  c o n s ta n ts  o f  c u r re n t  re la x a t io n s  w ith  in c re a s in g  |
dose o f  ACh has been re p o rte d  in  A n lv s ia  neurones by 
M archa is and M arty (197 9 ) .
The v o lta g e  dependency o f  the  c u r re n t  induced by 
io n o p h o re t ic a l ly  a p p lie d  FMRFamide may n o t n e c e s s a r ily  
r e f le c t  th e  v o lta g e  dependency o f th e  c u r re n t  induced by 
s y n a p t ic a l ly  re le a se d  FMRFamide. The main d if fe re n c e  
between these  two s i tu a t io n s  would  be th e  le n g th  o f tim e  
th a t  FMRFamide would  be p re se n t to  a c t iv a te  the  
re c e p to rs .  I t  must be noted th a t  the  fo l lo w in g  argument 
i s  p u re ly  h y p o th e t ic a l,  as no evidence f o r  p o s ts y n a p tic  
c u r re n ts  r e s u l t in g  from  nerve  re le ase d  FMRFamide e x is ts  to  
d a te . I f  i t  i s  assumed th a t  nerve re le a se d  FMRFamide i s  -4
p re s e n t f o r  o n ly  a v e ry  s h o r t  tim e  compared w ith  the  ra te  
o f  c lo s in g  o f  th e  channe ls ( q ) ,  then  th e  a m p litu d e  o f  th e  
c u r re n t  w ould be a fu n c t io n  in v o lv in g  o n ly  the  opening 
r a te  o f  the  channels (p ) ,  whereas th e  tim e  c o n s ta n t o f  th e  
c u r re n t  decay would equa l the  mean open l i f e t im e  o f  the  
channe ls  ( 1 /q ) .  T h e re fo re , any v o lta g e  dependency o f  the  
a m p litu d e  o f  th e  s y n a p t ic  c u r re n t  w ou ld  r e f le c t  th e  
v o lta g e  dependency o f  p, w h ile  th e  v o lta g e  dependency o f  
the  decay o f  th e  c u r re n t  would r e f le c t  th e  v o lta g e  
dependency o f  q . However, FMRFamide a p p lie d  by
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io n o p h o re s is  may l in g e r  f o r  a lo n g e r tim e  than  nerve 
re le a s e d  FMRFamide, a llo w in g  re a c t io n  (4 .1 )  to  reach 
e q u i l ib r iu m .  T h e re fo re , th e  am p litude  o f  io n o p h o re t ic a l ly  
a p p lie d  FMRFamide would depend on both  p and q , the  
v o lta g e  dependency o f  bo th  these param eters w ou ld  thu s  be 
r e f le c te d  i n  th e  a m p litu d e  o f  the  io n o p h o re t ic a l ly  induced 
c u r re n t .  A s im i la r  argument was a p p lie d  by Dionne and 
S tevens (1975) to  d e s c r ib e  the  d if fe re n c e  i n  th e  v o lta g e  
dependency between nerve  evoked end p la te  c u r re n ts ,  and 
io n o p h o r e t ic a l ly  evoked end p la te  c u r re n ts  in  th e  f ro g  
neurom uscu lar ju n c t io n .  D uring  a lo n g  b u rs t  o f  
p re s y n a p tic  a c t io n  p o te n t ia ls ,  th e  su s ta in e d  re le a s e  o f 
FMRFamide w h ich  m ig h t occur may, however, r e s u l t  in  a 
p o s ts y n a p tic  c u r re n t  w ith  a v o lta g e  dependency resem b ling  
t h a t  o f  an io n o p h o re t ic  p u lse  o f  FMRFamide.
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4 .3  THE DEPOLARIZING RESPONSE INDUCED BY FMRFamide.
4 .3 .1  the io n ic  MECHANISM OF THE DEPOLARIZATION.
The re v e rs a l p o te n t ia l  o f  th e  h y p e rp o la r iz a t io n  (ca 
-80  mV) was e a s i ly  observed, and so a ided  th e  
d e te rm in a tio n  o f  th e  io n ic  s p e c ie s  c a r ry in g  th e  charge 
d u r in g  th e  response . A re v e rs a l o f  th e  c u r re n t  p roduc ing  
th e  d e p o la r iz in g  response was n o t o b ta in e d . The reason 
f o r  t h i s  was th a t  th e  steady s ta te  c u r re n ts  re q u ire d  to  
v o lta g e  clamp th e  neurones a t  p o s i t iv e  membrane p o te n t ia ls  
were o u tw ith  the  c a p a b i l i t ie s  o f  th e  v o lta g e  clamp 
appa ra tus  used. However, io n  s u b s t i t u t io n  e xpe rim en ts  and 
th e  use o f channel b lo c k e rs  p ro v id e d  re a son a b le  evidence 
to  su p p o rt Na^ io n s  as th e  m ain charge c a r r ie r s .
The ré n o v a i o f  Na from  th e  e x te rn a l s o lu t io n  
co m p le te ly  a b o lish e d  th e  response, w h ich  in d ic a te d  th a t  a 
la rg e  component o f th e  c u r re n t  f lo w in g  d u r in g  th e  response 
was c a r r ie d  by Na^ io n s .  In  e xp e rim e n ts  where e x te rn a l Na 
was reduced, NaCl was re p la ce d  by su c ro se , as many o th e r  
compounds used to  s u b s t i tu te  f o r  Na have channel b lo c k in g  
a c t io n s ,  f o r  example T r is  (A scher, M a rty  and N ie ld ,  197 8) 
and g lucosam ine (M archa is  and M a rty , 1980) decrease the  
t o t a l  open tim e  o f ACh induced channe ls  i n  A n lv s ia ; T r is  
a ls o  b lo cks  ACh induced  c u r re n ts  i n  H e lix  (W it te ,  
Speckmann, and Walden, 1985).
M archais and M arty  (197 9) re p o r te d  t h a t  e x te rn a l Na*  ^
io n s  (and some o th e r  perm eant io n s )  b in d  to  th e  open ACh 
channe l, the re b y  re d u c in g  th e  c lo s in g  r a te  o f these 
channe ls . Thus re d u c in g  th e  e x te rn a l Na c o n c e n tra t io n  
in c re a se d  th e  r a te  o f  c lo s in g  o f  th e  ACh a c tiv a te d  
channe ls . I f  Na^ io n s  have a s im i la r  r o le  in  th e  
FMRFamide response, th e n  re d u c in g  th e  e x te rn a l Na 
c o n c e n tra t io n  may decrease th e  a m p litu d e  o f  th e  FMRFamide 
c u r re n t  more than  t h a t  expected  frcxn th e  reduced d r iv in g  
fo rc e  a lo n e .
E x tra p o la t io n  o f  the  FMRFamide response observed 
under v o lta g e  clamp c o n d it io n s  gave a re v e rs a l p o te n t ia l 
s ig n i f ic a n t ly  more p o s i t iv e  than  z e ro . The ACh induced 
d e p o la r iz a t io n s  i n  these  neurones c o n s is ts  o f  an in c re a se  
i n  gK, gNa and gCa, w h ich  le a d s  to  a re v e rs a l p o te n t ia l  
c lo s e  to  ze ro  (W it te ,  Speckmann and W alden, 1985). The 
re v e rs a l p o te n t ia l  f o r  th e  5-HT induced  d e p o la r iz a t io n s  in  
H e lix  i s  a ls o  a p p ro x im a te ly  ze ro  (G e rsch e n fe ld  and 
P a u p a rd in -T r its o h , 1974).
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4 .3 .2  THE EFFECT OF K CHANNEL BLOCKERS ON THE INCREASE IN 
gNa.
The K channe l b lo c k e rs  TEA and i n t r a c e l l u l a r  Cs, 
which m arked ly  a tte n u a te d  th e  in c re a s e  in  gK, were w ith o u t 
e f f e c t  on t h i s  response . The la c k  o f  e f f e c t  o f  Cs on th e  
response proved u s e fu l,  as Cs cou ld  be in je c te d  in t o  th e  
c e l l  to  reduce th e  s teady s ta te  outward c u r re n ts ,  the reby  
in c re a s in g  th e  range o f  p o te n t ia ls  o ve r w h ich  th e  c e l l  
cou ld  be v o lta g e  clam ped. W ith  in t r a c e l l u l a r  Cs p re s e n t, 
the  FMRFamide c u r re n t  was s t i l l  inw ard  a t  +20 mV. The 
r e la t io n s h ip  between h o ld in g  p o te n t ia l  and response 
a m p litud e  i n  th e  presence o f  Cs appeared l i n e a r  on f i r s t  
in s p e c t io n .  E x tra p o la t io n  o f  a s t r a ig h t  l i n e  f i t t e d  to  
th e  d a ta  gave a re v e rs a l p o te n t ia l  f o r  th e  response o f 
+40 mV. However, a p p l ic a t io n  o f  the  GHK e q u a tio n  to  th e  
d a ta , assum ing a pu re  in c re a s e  in  p e rm e a b il i ty  to  Na, gave 
a b e t te r  f i t  th a n  a s t r a ig h t  l i n e ,  and u s in g  an in te r n a l  
Na c o n c e n tra t io n  o f  3 .8  mM ( c f .  Meech and Thomas, 1977) 
y ie ld e d  a re v e rs a l p o te n t ia l  o f  +80 mV.
The re v e rs a l p o te n t ia l  o f  responses reco rded  under 
v o lta g e  clamp c o n d it io n s  may n o t n e c e s s a r ily  in d ic a te  the  
re v e rs a l o f  th e  s in g le  channel c u r re n ts  a s s o c ia te d  w ith  
the  response . T h is  i s  e s p e c ia l ly  t ru e  o f  d e p o la r iz in g  
responses, as some o f  th e  io n s  w h ich  may e n te r  th rough  the  
a g o n is t induced  channe ls  co u ld  th o n s e lv e s  a c t iv a te  a
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secondary conductance, u s u a lly  to  io n s .  A r is e  in
i n t r a c e l l u l a r  Ca i s  w e l l  documented to  cause an in c re a se  
in  membrane p e rm e a b il i ty  to  io n s .  R e ce n tly , an in f lu x  
o f  Na^ io n s  has been re p o r te d  to  a c t iv a te  a K c u r re n t  i n  
c u ltu re d  a v ia n  neurones (Bader, B ernhe in  and B e rtra n d , 
1985). T h is  c u r re n t  appears to  have l i t t l e  v o lta g e  
dependent in a c t iv a t io n ,  and may be induced fo l lo w in g  Na 
e n try  d u r in g  a c t io n  p o te n t ia ls  and p o s s ib ly  d u r in g  Na 
m ed ia ted  p o s t s y n a p t ic  p o te n t ia ls .  A Na s e n s it iv e  K 
c u r re n t  has a ls o  been d esc rib e d  in  c ra y f is h  neurones 
(H a rtu n g , 1985).
The r e la t io n s h ip  between response a m p litu d e  and 
membrane p o te n t ia l  i n  th e  presence o f  i n t r a c e l l u l a r  Cs may 
th e re fo re  be more p o s i t iv e  than  th e  re v e rs a l p o te n t ia l  in  
norm al s i t u a t io n s .  A scher, M arty and N ie ld  (197 8) have 
shown th a t  d u r in g  th e  ACh induced c u r re n t  i n  v o lta g e  
clamped A n lv s ia  neurones, th a t  s u f f i c ie n t  C^ ’^io n s  e n te r  
th rough  th e  ACh channe l to  a c t iv a te  a Ca dependent K 
c u r re n t .  I f  th e  FMRFamide a c t iv a te d  channe ls  were 
perm eable to  Ca, th e n  d u r in g  th e  presence o f  Cs th e  e n try  
o f  Ca w ou ld  be unab le  to  a c t iv a te  a K c u r re n t ,  th u s  under 
these c o n d it io n s  th e  re v e rs a l p o te n t ia l o f  th e  FMRFamide 
induced  c u r re n t  w ou ld  be more p o s i t iv e  than  d u r in g  c o n tro l 
c o n d it io n s .
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4 .4  THE VOLTAGE DEPENDENT RESPONSE INDUCED BY FMRFamide,
4 .4 .1  THE IONIC MECHANISM OF THE VOLTAGE DEPENDENT 
RESPONSE.
Ano ther response produced by FMRFamide was a v o lta g e  
dependent in w a rd  c u r r e n t .  T h is  response, w h ich  occured in  
th e  Cl neurone, proved d i f f i c u l t  to  observe us in g  
FMRFamide as th e  a g o n is t because th e  la rg e  in c re a s e  in  gK 
produced by FMRFamide in  t h i s  neurone masked th e  v o lta g e  
dependent response . The FMRFamide ana logue, YGGFMRFamide, 
was more p o te n t a t  in d u c in g  th e  v o lta g e  dependent e f f e c t  
( C o t t r e l l ,  1982a), and was th e re fo re  th e  a g o n is t used to  
a c t iv a te  t h is  response.
The v o lta g e  dependent response was a bsen t a t  r e s t in g  
membrane p o te n t ia ls ,  and was o n ly  d e te c te d  when th e  
neurone was a r t i f i c i a l l y  d e p o la r iz e d . Under v o lta g e  clamp 
c o n d it io n s ,  th e  response was observed as an inw ard  c u r re n t 
when th e  h o ld in g  p o te n t ia l  was more p o s i t iv e  than  -40  mV. 
S im ila r  v o lta g e  dependent inw ard  c u r re n ts  have been 
observed w ith  5-HT in  t h i s  neurone ( C o t t r e l l ,  1981; Barnes 
C o t t r e l l  and Dunbar, 1986) and in  A n lv s ia  neurones (K le in  
and Kandel, 1980; P e llm a r and C a rp en te r, 198u). In  
b u l l f r o g  sym p a th e tic  g a n g lia  m u sca rin ic  a g o n is ts ,  LHRH and 
substance P decrease a K c u r re n t  ( th e  M -c u rre n t)  which 
le a ds  to  an inw ard  c u r re n t  w h ich  i s  v o lta g e  s e n s it iv e
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(Brown and Adams, I 9 8 O; Adams and Brown, 1980; Adams, 
Brown and Jones, 1983).
The YGGFMRFamide induced inw ard  c u r re n t  i n  th e  Cl 
neurone was a lw ays observed under c o n d it io n s  where th e  
steady s ta te  c u r re n t  o f  the  neurone was ou tw a rd . D u ring  
v o lta g e  clamp, i t  i s  th e  n e t c u r re n t  f lo w in g  a c ro ss  th e  
neurona l membrane th a t  i s  measured. T h is  c u r re n t  i s  
m a in ly  c a r r ie d  by io n s  a t  h o ld in g  p o te n t ia ls  p o s i t iv e  
to  -40  mV. The v o lta g e  dependent in w a rd  c u r re n t  induced 
by YGGFMRFamide co u ld  th e re fo re  be th e  r e s u l t  o f  a 
decrease i n  one o r  more o f  the  components o f  t h is  outward 
c u r re n t.
I f  t h is  response was a decrease in  a K c u r re n t,  then  
th e  o v e r a l l  membrane conductance shou ld  decrease d u r in g  
th e  response. An in d ic a t io n  o f  the  change in  membrane 
conductance o c c u rr in g  d u r in g  th e  response was o b ta in e d  
when h y p e rp o la r iz in g  command p u ls e s  o f  c o n s ta n t p o te n t ia l  
were a p p lie d  a t  re g u la r  in te r v a ls  to  th e  neurone. The 
a m p litud e  o f  th e  r e s u l t in g  c u r re n t  d e f le c t io n s  w h ich  was 
m on ito red  d u r in g  th e  response, was decreased; however, 
t h is  cou ld  be in te r p r e te d  as e i t h e r  an in c re a s e  o r  
decrease in  membrane conductance. C ons ide r a Cl neurone 
v o lta g e  clamped a t  -20  mV, w ith  20 mV. h y p e rp o la r iz in g  
command p o te n t ia ls  a p p lie d  to  th e  c e l l  a t  re g u la r  
in t e r v a ls .  Because o f  the  s tro n g  v o lta g e  dependent n a tu re  
o f  th e  response, th e re  w ould be an in w a rd  c u r re n t  a t
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-20 mV, b u t no c u r re n t  a t  -40  mV. T h e re fo re , w he ther th e  
response was due to  a v o lta g e  dependent inw a rd  c u r re n t  
such as a Ca c u r re n t ,  o r  to  a v o lta g e  dependent decrease 
in  an outw ard  c u r re n t ,  such as a K c u r re n t ,  th e  a m p litud e  
o f  th e  r e s u l t in g  c u r re n t  d e f le c t io n s  w ou ld  decrease by a 
s im i la r  amount d u r in g  th e  response. A s im i la r  argument 
was g iv e n  by D in g le d in e  (1983) d u r in g  h is  in v e s t ig a t io n  o f  
a v o lta g e  dependent Ca c u r re n t  a c t iv a te d  by NMDA in  r a t  
h ippocam pal neurones,
C o t t r e l l  (1979, 1982a) showed th a t  th e  response was
u n a lte re d  by re p la c in g  NaCl w ith  T r is /H C l o r  sucrose , 
su gg e s ting  th a t  n e i th e r  Na"*" no r Cl~ io n s  were in v o lv e d . 
Fu rthe rm ore , when Ba was s u b s t itu te d  f o r  Ca, the  response 
was a b o lis h e d . These r e s u l t s  im p ly  th a t  th e  response i s  
due to  th e  re d u c t io n  o f  an outw ard K c u r re n t ,  and n o t to  a 
v o lta g e  dependent in c re a s e  i n  gNa a n d /o r gCa. In  th e  same 
neurone ( th e  C l neurone) 5-HT in d uce s  a v o lta g e  dependent 
response w ith  a lm os t id e n t ic a l  p ro p e r t ie s  ( C o t t r e l l ,
1981). Both responses a re  s e n s it iv e  to  e x t r a c e l lu la r  K 
c o n c e n tra t io n  and a re  b locked  by low c o n c e n tra t io n s  o f  Co 
( C o t t r e l l ,  1982b; B arnes, C o t t r e l l  and Dunbar, 1985). A 
r o le  o f  Ca in  th e  p ro d u c tio n  o f  th e  response was suggested 
by th e  in h ib i t o r y  a c t io n  o f  Co on th e  response . Co i s  a 
w e l l  known in h ib i t o r  o f  Ca c u r re n ts ,  4.-«both i n  these  .  ^
neurones (A ka ike , Lee and Brown, 197 8; B arnes, C o t t r e l l  
and Dunbar, 1985) and i n  o th e r  e x c ita b le  t is s u e s  (Hagiwara 
and B y e r ly ,  1981). T h is  e f f e c t  o f Co cou ld  be e xp la in e d
i
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i f  YGGFMRFamide (and 5-HT) suppressed a Ca a c t iv a te d  K 
c u r re n t  i n  t h i s  neurone. Both h is ta m in e  and n o ra d re n a lin e  
have been shown to  reduce a Ca a c t iv a te d  K c u r re n t  in  
hippocam pal p y ra m id a l c e l ls  (Haas and K onnerth , 1983). I f  
t h is  were th e  case h e re , then  a r t i f i c i a l l y  in c re a s in g  th e  
amount o f  Ca a c t iv a te d  K c u r re n t  shou ld  in c re a s e  th e  s iz e  
o f  th e  response . One way o f  in c re a s in g  th e  Ca a c t iv a te d  K 
c u r re n t  i s  to  in je c t  Ca in t o  th e  c e l l  (Meech, 1974; Meech 
and Standen, 1975; Hermann and Gorman, 1981a,b; Hofraeier 
and Lux, 1981).
4 .4 .2  THE EFFECT OF INTRACELLULAR Ca INJECTION.
I n t r a c e l lu la r  in je c t io n  o f  Ca in t o  th e  Cl neurone 
d u r in g  v o lta g e  clamp produced an outw ard c u r re n t ,  and a 
concom itan t in c re a s e  i n  membrane conductance. Th is 
outward c u r re n t  was reve rse d  when th e  h o ld in g  p o te n t ia l  
was more n e g a tiv e  than  E^. F u rthe rm ore , C o t tre l l- (1 9 8 2 a )  
showed th a t  th e  re v e rs a l p o te n t ia l  o f  t h i s  Ca induced 
c u r re n t  was dependent on th e  e x te rn a l K c o n c e n tra t io n . I t  
was th e re fo re  conc luded th a t  th e  outward c u r re n t  evoked by 
Ca in je c t io n  was c a r r ie d  by K*** io n s .
C o t t r e l l  (1982a) showed th a t  th e  a m p litu d e  o f the  
p e p tid e  induced  response was in c re a se d  fo l lo w in g  th e  
in je c t io n  o f  Ca in t o  th e  neurone. T h is  expe rim en t was 
repeated  here  and th e  r e s u l t s  o f  C o t t r e l l  (1982a) were 
co n firm e d . The a m p litu d e  o f  th e  response appeared to
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in c re a s e  l in e a r ly  w ith  th e  amount o f outw ard  c u r re n t  
induced  fo l lo w in g  th e  in je c t io n  o f  Ca in t o  th e  neurone. 
T h is  im p lie d  t h a t  YGGFMRFamide suppressed th e  outward K 
c u r re n t  induced  by Ca in je c t io n .  However, t h i s  expe rim en t 
was te c h n ic a l ly  d i f f i c u l t  as i t  r e l ie d  on th e  in je c t io n  o f  
Ca p ro d u c in g  a la rg e ,  w e l l  su s ta in e d  outw ard  c u r re n t,  
w h ich  presum ably depended on a number o f  fa c to r s  
c o n t r o l l in g  th e  le v e l  o f  f r e e  Ca^* io n s  c lo s e  to  th e  in n e r  
s u rfa c e  o f  the  membrane (B a r is h  and Thompson, 1983). W e ll 
su s ta in e d  outw ard  c u r re n ts  were r a r e ly  th e  case. 
F o llo w in g  th e  in je c t io n  o f  Ca in t o  th e  c e l l  from  an 
io n o p h o re t ic  p ip e t te .  Rose and Loew enste in  (1975) have 
shown th a t  th e  d i f f u s io n  o f  f r e e  Ca^^ io n s  i s  g re a t ly  
r e s t r ic t e d  by i n t r a c e l l u l a r  Ca s e q u e s tra t io n  mechanisms. 
I f  t h i s  were th e  case in  these  e xpe rim en ts , then  th e  
a c t iv a t io n  o f  th e  outw ard  K c u r re n t  by th e  in je c te d  Ca may 
o n ly  o ccu r ove r a l im i t e d  a rea  o f  th e  neu rona l membrane, 
depending on th e  p re c is e  p o s i t io n  o f  th e  t i p  o f  the  Ca 
e le c tro d e .  Thus, i f  th e  lo c a l  a p p l ic a t io n  o f  YGGFMRFamide 
o n ly  reached an a rea  o f  membrane where th e re  was none, o r  
v e ry  l i t t l e  K c u r re n t  a c t iv a te d  fo l lo w in g  Ca in je c t io n ,  
then  th e  p e p tid e  induced  response may n o t be ve ry  
d i f f e r e n t  to  t h a t  produced b e fo re  th e  in je c t io n  o f  Ca, 
even though a s ig n i f ic a n t  in c re a s e  i n  outw ard c u r re n t  
o c c u rre d .
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4 .4 .3  THE INVOLVEMENT OF A SECOND MESSENGER.
Many o f  th e  c u r re n ts  induced by Ca in je c t io n  waned 
ra th e r  r a p id ly .  T h is  was a t t r ib u te d  to  th e  s e q u e s tra t io n  
o f  f r e e  Ca by c e l lu la r  o rg a n e lle s  and p ro te in s .  The 
e xpe rim en ts  i n  w h ich  CQnP was a p p lie d  to  th e  e x te rn a l 
s o lu t io n  were designed to  overcome t h is  s e q u e s tra t io n  by 
caus ing  a re le a s e  o f  s to re d  Ca (Meech and Thomas, 1980). 
A lthough  t h is  compound was s u cce ss fu l in  p ro lo n g in g  th e  
outw ard c u r re n t  a c t iv a te d  by Ca, i t  co m p le te ly  a bo lish e d  
th e  YGGFMRFamide induced  c u r re n t.  CCmP i s  a p o w e rfu l 
m e ta b o lic  i n h ib i t o r  (H e y t le r  and P r ic h a rd , 1962), 
th e re fo re  t h is  r e s u l t  im p lie d  th a t  a m e ta b o lic  p rocess, 
p o s s ib ly  a second messenger system, i s  in v o lv e d  i n  th e  
g e n e ra tio n  o f  th e  v o lta g e  dependent response .
In c re a s in g  th e  c y c l ic  n u c le o tid e  le v e ls  in  th e  Cl 
neurone produced e f f e c t s  ve ry  s im i la r  to  th e  p e p tid e  
induced  response . A p p lic a t io n  o f  th e o p h y ll in e  reduced th e  
outw ard c u r re n t  observed in  the  C1 neurone under v o lta g e  
clam p. D u rin g  th e  a c t io n  o f  th e o p h y ll in e ,  a p p lic a t io n  o f  
p e p tid e  f a i le d  to  produce a f u r th e r  re d u c t io n  in  outw ard 
c u r re n t .  The re d u c t io n  in  outward c u r re n t  produced by 
th e o p h y ll in e  suggests  t h a t  th e re  i s  a basa l p ro d u c tio n  o f  
c y c l ic  n u c le o t id e s  i n  th e  C l neurone, and th a t  these  may 
re g u la te  th e  K p e rm e a b ili ty  o f  the  membrane to  some 
e x te n t.
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There have been many re p o r ts  o f  m o lluscan  v o lta g e  
dependent responses m ed ia ted  by cAMP. A 5-HT evoked 
v o lta g e  dependent decrease in  gK in  id e n t i f ie d  neurones o f  
th e  suboesophageal g a n g lia  o f  H e lix  i s  m im icked by 
in t r a c e l l u la r  cAMP in je c t io n ,  and a b o lis h e d  by 100 uM IBMX 
(D e te rre , P a u p a rd in -T r its c h , B ookae rt and G erschen fe ld ,
1 9 8 1 ) .  L ik e  th e o p h y ll in e ,  th e  phosphod ies te rase  in h ib i t o r  
IB MX reduced th e  outw ard  s teady s ta te  c u r re n ts  in  these  
neurones. However, a lo w e r c o n c e n tra t io n  o f  IB MX 
augmented th e  5-HT response (D e te rre  e t  a l . ,  1981). Both 
5-HT and dopamine have been shown to  s t im u la te  a d e n y la te  
cyc la se  i n  H e lix  neurones (D e te rre , P a u p a rd in -T r its o h , 
B ocka e rt and G ersche n fe ld , 1982). In  Ap lv s ia  RB and LB 
neurones, 5-HT in duces  a v o lta g e  dependent inw ard  c u r re n t  
th a t  i s  l i k e l y  to  be c a r r ie d  by Ca^* io n s  (P e llm a r and 
C a rpen te r, 1980; P e llm a r, 1984). -A lth ou g h  bo th  5-HT and 
cAMP induce  s im i la r ,  v o lta g e  dependent, in w a rd  c u r re n ts  in  
these  A o ly s ia  neurones, P e llm a r (1981) conc luded th a t  i t  
was u n l ik e ly  th a t  t h is  response was m ed ia ted  by cAMP on 
th e  b a s is  t h a t  low  c o n c e n tra t io n s  o f  phosphod ies te rase  
in h ib i t o r s  f a i le d  to  enhance th e  response to  5-HT. Th is 
argum ent shou ld  be cons ide red  he re  as o n ly  a h ig h  
c o n c e n tra t io n  (1 mM) o f  th e o p h y ll in e  was te s te d ,  and i t  
shou ld  n o t be assumed t h a t  a low  c o n c e n tra t io n  o f  
th e o p h y ll in e  would enhance th e  response, as expected o f  a 
response m ediated by cAMP. The v o lta g e  dependent response 
to  5-HT i n  A o ly s ia  sensory neurones i s  d i f f e r e n t  to  th a t
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in  th e  LB and RB neurones m entioned above, be ing  th e  
r e s u l t  o f  a decrease  in  gK w h ich  in v o lv e s  a second 
messenger, p ro b a b ly  cAMP (K le in  and K ande l, 1980; K le in ,
Camardo and K ande l, 1982). R e ce n tly , a FMRFamide induced  
re d u c t io n  o f  a cAMP s e n s i t iv e  K c u r re n t  has been d e sc rib e d  
in  neurones o f  th e  suboesophageal g a n g lia  o f  H e lix  
(C o lom ba ion i, P a u p a rd in -T r its c h , V id a l and G ersche n fe ld , «
1985). Both FMRFamide and 5-HT have been shewn to  
a c t iv a te  a d e n y la te  cyc la se  a c t i v i t y  in  M ercenaria  
v e n t r ic le s  (H ig g in s , P ric e  and G reenberg, 1978).
4 .4 .4  ADDITIONAL EVIDENCE FOR A SECOND MESSENGER ROLE FROM 
SINGLE CHANNEL STUDIES.
E xperim ents perfo rm ed on th e  C l neurone o f  H e lix  
showed th a t  th e  a c t i v i t y  o f  K channe ls reco rded  from  a 
c e l l  a tta ch e d  p a tch  was reduced when th e  FMRFamide 
analogue FnLRFamide was a p p lie d  to  th e  c e l l  su rfa c e  
o u ts id e  the  pa tch  ( C o t t r e l l ,  Davies and Green, 1984). In  
th e  c e l l  a tta ch e d  mode, a ve ry  h ig h  re s is ta n c e  se a l (c a .  |
lO ^ ^ i l )  i s  form ed between th e  in s id e  o f th e  pa tch  
e le c tro d e  and th e  e x t r a c e l lu la r  s o lu t io n  by th e  adherence 3
o f  th e  membrane to  th e  t i p  o f  the  e le c tro d e . D u ring  th e  
a p p l ic a t io n  o f  substances to  th e  e x t r a c e l lu la r  f l u i d  
s u rro u n d in g  th e  neurone, th e  substances do n o t have access 
to  th e  in s id e  o f  th e  patch  p ip e t te .  T h e re fo re , th e  a c t io n  "4
o f  FnLRFamide on K channe ls  under th e  pa tch  p ip e t te  must 
o ccur v ia  a second messenger system fo l lo w in g  a c t iv a t io n
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o f  th e  re c e p to rs .
The K ch an n e ls  m odula ted by FnLRFamide appear to  be
th e  same as those  m odula ted by 5-HT ( C o t t r e l l ,  D avies and 
Green, 1984; B arnes, 1984; Barnes, C o t t r e l l  and Dunbar,
1986 ). The channe ls , as reco rded  from  an in s id e  ou t
p a tch , a re  no t s e n s it iv e  to  changes i n  Ca c o n c e n tra t io n s
on th e  in s id e  s u rfa c e  (Barnes, C o t t r e l l  and Dunbar,
1985). Thus i t  appears u n l ik e ly  th a t  th e  p e p tid e s  
suppress a Ca a c t iv a te d  K c u r re n t,  u n le s s  th e re  was 
a n o th e r type  o f  Ca s e n s it iv e  K channel w h ich  was 
suppressed by th e  p e p tid e s , b u t which rem ained und e te c te d  
d u r in g  th e  e xpe rim en ts .
A p p lic a t io n  o f  these  methods to  A p ly s ia  sensory 
neurones by S iegelbaum , Camardo and Kandel (1 9 8 2 ), 
re v e a le d  th a t  th e  a c t i v i t y  o f  K channe ls re co rd e d  from  a 
c e l l  a tta c h e d  p a tch  were reduced both  by a p p l ic a t io n  o f  
5-HT and by in t r a c e l l u l a r  in je c t io n  o f  cAMP. Subsequent 
expe rim en ts  u s in g  an in s id e  ou t patch have shown th a t  
these  channe ls  a re  s e n s i t iv e  to  p h o sp h o ry la te d  p r o te in  
k in a se  C (S h u s te r, Camardo, Siegelbaum and K ande l, 1985), 
b u t in s e n s i t iv e  to  Ca^* io n s .
F u r th e r  ev idence  c o n t ra d ic t in g  a FMRFamide ii
su p p re ss io n  o f  a Ca a c t iv a te d  K c u rre n t was th e  la c k  o f  
e f f e c t  o f  th e  o rg a n ic  Ca channel b lo c k e r  v e ra p a m il on 
e i t h e r  th e  response to  YGGFMRFamide and 5-HT o r  on th e  I -V
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cu rve  o f  th e  C l neurone between -70  and -15  mV. V erapam il 
has been shown to  b lo c k  th e  Ca c u r re n t  i n  H e lix  neurones 
(A ka ike , Lee and Brown, 197 8; Barnes, C o t t r e l l  and Dunbar,
1985). T h e re fo re , i t  appears u n l ik e ly  t h a t  th e re  i s  a 
s ig n i f ic a n t  K c u r re n t  a c t iv a te d  by an i n f l u x  o f  Ca^^ io n s  
ac ro ss  th e  membrane o f  th e  C l neurone o ve r th e  p o te n t ia l  
range in d ic a te d .  However, th e  p o s s ib i l i t y  th a t  in te r n a l  
re le a s e  o f  Ca le a d in g  to  th e  a c t iv a t io n  o f  a K c u r re n t  
cannot be d is re g a rd e d  (A ka ike , Brown, D ah l, H ig a s h i '3
Isen b e rg , Tsuda and Y a ta n i, 1983). The re d u c t io n  o f  
outw ard c u r re n t  and th e  b lockade o f  th e  response by Co 
seems to  r e la te  to  an a c t io n  o f  Co w h ich  i s  a d d it io n a l to  
i t s  w e l l  known a c t io n  as a Ca channel b lo c k e r  (see a ls o  
Barnes, C o t t r e l l  and Dunbar, 1985).
-  133
4 .5  FLRFamide AND FIRFamide PRODUCE RESPONSES SIMILAR TO 
FMRFamide.
A p p lic a t io n  o f  FLRFamide and FIRFamide on to  neurones 
w h ich  responded to  FMRFamide in v a r ia b ly  produced s im i la r  
e f fe c ts  to  those  produced by FMRFamide. The io n ic  
mechanisms w ere  th e  same as those induced  by FMRFamide. 
The h y p e rp o la r iz in g  response induced by FLRFamide fo llo w e d  
E^ w i t h in  a few m i l l i v o l t s  a f t e r  in c re a s in g  the  e x te rn a l K 
c o n c e n tra t io n  frcmi 5 to  15 mM, and th e  d e p o la r iz in g  
response to  FLRFamide was a tte n u a te d  by lo w e rin g  th e  
e x te rn a l Na c o n c e n tra t io n . However, th e  e f fe c t s  o f  
channel b lo c k e rs  such as TEA and i n t r a c e l l u l a r  Cs were n o t 
in v e s t ig a te d .
A p a rt from  th e  io n ic  mechanisms, o th e r  p ro p e r t ie s  o f
th e  FMRFamide responses were shared w ith  those  induced  by
FLRFamide and FIRFamide. The tim e  course  and v o lta g e
dependency o f  th e  in c re a s e  in  gK produced by FLRFamide
resem bled c lo s e ly  th e  FMRFamide induced in c re a s e  in  gK.
In  a d d it io n ,  th e  maximum response and potency o f  bo th
p e p tid e s  were s im i la r .  The in c re a s e  i n  gNa produced by
a l l  th re e  p e p tid e s  was a ls o  s im i la r ,  th e  des e n s i t iz a t io n
n o rm a lly  observed w ith  FMRFamide was e v id e n t w ith
FLRFamide and FIRFamide. The above s im i la r i t i e s  between
th e  responses induced  by FMRFamide and i t s  ana logues where 
2Met was s u b s t itu te d  f o r  Leu o r  l i e  im p ly  t h a t  these
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p e p tid e s  a c t  on th e  same re c e p to rs .  S u b s t i tu t io n  o f  the  
2Met re s id u e  o f FMRFamide does n o t s ig n i f i c a n t ly  a l t e r  the  
b io lo g ic a l  a c t i v i t y ,  o r  th e  p o tency , when te s te d  on many 
m o llu sca n  m uscles (P a in te r ,  M orley and P r ic e ,  1982).
F u r th e r  ev idence  s u g g e s tin g  t h a t  these  te t ra p e p t id e s  
a c t  on th e  same re c e p to rs  was th e  c ro s s -d e s e n s it iz a t io n  
observed between them in  a c t iv a t in g  th e  in c re a s e  in  gNa. 
However, th e  p o s s ib i l i t y  th a t  th e  p e p tid e s  in t e r a c t  to  
produce a common d e s e n s it iz in g  s te p , le a d in g  to  an 
in c re a s e  in  gNa i s  u n l ik e ly ,  b u t canno t be d is re g a rd e d . A 
s im i la r  scheme has been proposed by Ascher and
Chesnoy-M archais (1982) to  e x p la in  th e
o ro s s -d e s e n s it iz a t io n  observed between c a rb a c h o l, dopamine 
and h is ta m in e  in  A n lv s ia  neurones.
4 .6  MULTIPLE RESPONSES MAY OCCUR ON SINGLE NEURONES.
C om binations o f  th e  d i f f e r e n t  io n ic  a c t io n s  o f  
FMRFamide o ccu rre d  i n  some o f  th e  neurones in v e s t ig a te d ,  
n o ta b le  examples be ing  th e  Cl and F2 neurones. The Cl 
neurone responded to  FMRFamide w ith  a s im u ltaneous
in c re a s e  and decrease i n  gK ( C o t t r e l l ,  1982a). The
response o f  v a r io u s  C l neurones to  FMRFamide was o f te n  
o n ly  an outw ard  c u r re n t ,  w h ich  d e c lin e d  i n  am p litud e  as 
th e  neurone was h e ld  a t  more d e p o la r iz e d  p o te n t ia ls .  The 
FMRFamide analogue YGGFMRFamide was much more p o te n t a t  
in d u c in g  th e  v o lta g e  dependent component o f  th e  response
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in  th e  Cl neurone. Because b o th  o f  these  responses 
in v o lv e d  io n s ,  i t  was n o t p o s s ib le  to  sepa ra te  them 
s a t i s f a c t o r i l y ,  e i t h e r  p h a rm a c o lo g ic a lly  o r  by io n  
s u b s t i t u t io n  m ethods. A lthough some K channel b lo c k e rs  
in h ib i t e d  one response more than  th e  o th e r ,  f o r  example
TEA w h ich  was more p o te n t i n  b lo c k in g  th e  in c re a s e  in  gK
( C o t t r e l l ,  1982a), an a c t io n  on th e  o th e r  K response was 
a lw ays l i k e l y .  S e p a ra tio n  by v o lta g e  was p o s s ib le  due to  
th e  s tro n g  v o lta g e  dependency o f  th e  decrease in  gK, which 
was absen t a t  p o te n t ia ls  more n e g a tiv e  tha n  -40  mV. Under
these  c o n d it io n s ,  th e  in c re a se  in  gK observed i n  th e  Cl
neurone was id e n t ic a l  to  th a t  observed i n  o th e r  neurones 
w h ich  responded w ith  an a p p a re n tly  pure in c re a s e  in  gK a t  
a l l  p o te n t ia ls  in v e s t ig a te d .
The response o f  th e  F2 neurone to  FMRFamide in v o lv e d  
an in c re a s e  i n  bo th  gNa and gK. The two components o f  the  
F2 response cou ld  be separa ted  by p h a rm a co lo g ica l and io n  
s u b s t i t u t io n  m ethods. Zero Na s o lu t io n  a b o lis h e d  th e  Na 
component c o m p le te ly , re v e a lin g  a pure  K component, w h ile  
in t r a c e l l u l a r  Cs b locked  th e  K component, le a v in g  th e  Na 
component u n a lte re d .
An in c re a s e  in  bo th  gNa and gK can occur by fo u r  
d i f f e r e n t  mechanisms; (1 ) a s in g le  re p e p to r  a sso c ia te d  
w ith  a s in g le  channel w h ich  i s  permeable to  bo th  Na and K, I
(2 ) a s in g le  re c e p to r  c o n t r o l l in g  th e  g a t in g  o f  two 4
channe ls , one channel s e le c t iv e  f o r  Na, th e  o th e r  f o r  K,
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(3 )  two independent p o p u la tio n s  o f  channe ls , some b e ing  
s e le c t iv e  f o r  Na and th e  o th e rs  f o r  K, w ith  th e  g a t in g  o f  
each channel c o n t ro l le d  by a s in g le  re c e p to r  w h ich  i s  o f  a 
common ty p e , (4 ) two p o p u la tio n s  o f  channe ls  and two 
p o p u la tio n s  o f  re c e p to rs , one type  o f  re c e p to r  a sso c ia te d  
w ith  Na s e le c t iv e  channe ls , th e  o th e r  type  w ith  K 
s e le c t iv e  channe ls  ( C o t t r e l l ,  D avies and Green, 1984).
There was a la rg e  v a r ia t io n  in  th e  re v e rs a l p o te n t ia l  
o f  th e  FMRFamide responses reco rded  frcxn F2 neurones o f  
d i f f e r e n t  p re p a ra t io n s . T h is  v a r ia t io n  (-5 5  to  -20  mV) 
was much g re a te r  than  co u ld  be expected  frcxn v a r ia t io n s  in  
th e  in t r a c e l l u la r  c o n c e n tra tio n s  o f  Na and K i n  d i f f e r e n t  
F2 neurones. I t  was th e re fo re  v e ry  u n l ik e ly  th a t  
p o s s ib i l i t i e s  (1 ) and (2) co u ld  be ca n d id a te s  f o r  th e  
mechanism o f  th e  F2 response, as in  bo th  o f  these cases, 
the  re v e rs a l p o te n t ia l  o f  th e  response shou ld  be c o n s ta n t 
i n  a l l  F2 neurones. Fu rthe rm ore , th e  a c t io n  o f th e  K 
channel b lo c k e rs  TEA and Cs in  re d u c in g  th e  K component o f  
th e  response d is re g a rd s  p o s s ib i l i t y  ( 1 ) ,  because TEA and 
Cs w ou ld  n o t be a b le  to  d is c r im in a te  between K**" and Na"*" 
io n s  f lo w in g  th rou g h  such a n o n -s e le c t iv e  channe l. When 
th e  membrane p o te n t ia l  was h e ld  c lo s e  to  th e  re v e rs a l 
p o te n t ia l  o f th e  response, th e  c u r re n ts  reco rded  were 
b ip h a s ic .  I b is  i s  aga in  in c o n s is te n t  w ith  p o s s ib i l i t y  
( 1 ) ,  and a lth o u g h  a b ip h a s ic  response c o u ld  occur i f  a 
re c e p to r /tw o -c h a n n e l complex y ie ld e d  d i f f e r e n t  k in e t ic  
c o n s ta n ts  f o r  th e  K and Na channe l, th e  c o n s ta n ts  w ou ld
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have to  be v e ry  d i f f e r e n t  to  accoun t f o r  the  d i f f e r e n t  
tim e  courses o c c u r r in g  h e re .
The s u b d iv is io n s  o f  the  response o f th e  F2 neurone to  
FMRFamide y ie ld e d  a K c u r re n t  and a Na c u r re n t ,  b o th  o f 
w h ich  had id e n t ic a l  p ro p e r t ie s  to  th e  in d iv id u a l  K and Na 
c u r re n ts  observed in  d i f f e r e n t  neurones. Thus i t  i s  
concluded th a t  th e  response o f  th e  F2 neurone to  FMRFamide 
a r is e s  as a r e s u l t  o f  th e  in c re a se  in  gK and th e  in c re a s e  
in  gNa responses o c c u r r in g  in  co m b ina tio n  on t h i s  
neurone ,
The c h a r a c te r is t ic s  o f  th e  response o f  the  F2 neurone 
to  FMRFamide; v a r ia b le  re v e rs a l p o te n t ia l ,  b ip h a s ic  
response and s e p a ra tio n  o f  the  c u r re n t  components by 
channel b lo c k e rs , im p lie s  th a t  the  response i s  th e  r e s u l t  
o f  e i t h e r  the  a c t iv a t io n  o f  two p o p u la tio n s  o f  channe ls  by 
a s in g le  re c e p to r  type  (case 3 ) , o r  th e  a c t iv a t io n  o f  two 
p o p u la tio n s  o f  channe ls , each type o f  channel a sso c ia te d  
w ith  d i f f e r e n t  re c e p to rs  (case 4 ) .  The v a r i a b i l i t y  o f  the  
re v e rs a l p o te n t ia l  may be e xp la in e d  by a to p o g ra p h ic a l 
d is t r ib u t io n  o f  th e  channel typ e s , such as th a t  d e sc rib e d  
f o r  ACh re c e p to rs  on a Navanax neurone (L e v ita n  and Tauc, 
1972). The r a t io  o f  Na to  K channe ls a c t iv a te d  would  
depend on t h e i r  re s p e c t iv e  d is t r ib u t io n  c lo s e  to  th e  s i t e  
o f  FMRFamide a p p l ic a t io n .  A v a r ia t io n  i n  th e  re v e rs a l 
p o te n t ia l  can a ls o  be e xp la in e d  i f  th e  r e la t iv e  potency o f  
FMRFamide tow ards a c t iv a t in g  th e  two typ e s  o f  channe ls  was
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d i f f e r e n t  (see l a t e r ) ,
4 .7  ARE THE RECEPTORS MEDIATING THE INCREASE IN gK AND THE 
INCREASE IN gNa DIFFERENT?
4 .7 .1  DIFFERENCES IN DESENSITIZATION PROPERTIES,
A p a rt from  th e  io n ic  mechanisms, th e  most s t r ik in g  
d i f fe re n c e  between th e  FMRFamide induced  in c re a s e  in  gK 
and gNa i s  th e  ra p id  d e s e n s it iz a t io n  a sso c ia te d  w ith  th e  
in c re a s e  in  gNa, De s e n s i t iz a t io n  o f  th e  in c re a se  in  gK 
was n o t e v id e n t.  T h is  i s  c o n s is te n t w ith  the  e x is te n ce  o f  
two typ e s  o f  re c e p to rs , one type  m e d ia tin g  th e  in c re a se  in  
gNa, which can become d e s e n s it iz e d , the  o th e r type  
m e d ia tin g  th e  in c re a s e  in  gK, w hich does n o t e n te r  a 
d e s e n s it iz e d  s ta te .  A lthough  Katz and T h e s le f (1957) 
proposed th a t  th e  d e s e n s it iz a t io n  o f  the  ACh response o f 
th e  neurcxnuscular ju n c t io n  was a t  th e  re c e p to r  le v e l ,  t h i s  
may n o t a lways be th e  case. D e s e n s it iz a t io n  o f  a response 
may occur a t  a s te p  o th e r  than  th e  re c e p to r ,  such as th e  
p ro d u c tio n  o f  a second messenger (S ib le y  and L e fk o w itz , 
1 9 8 5 ) .  Th is  s i t u a t io n  cannot be ru le d  o u t in  th e  
de s e n s i t iz a t io n  o f  th e  in c re a se  in  gNa induced by 
FMRFamide. T h e re fo re  i t  i s  n o t p o s s ib le  to  use t h is  
d if fe re n c e  between th e  in c re a se  in  gK and th e  in c re a se  in  
gNa as c o n c lu s iv e  ev idence  f o r  the  e x is te n c e  o f  d i f f e r e n t  
re c e p to rs  m e d ia tin g  th e  two responses.
 ....... r ' g
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A m u lt ir e c e p to r  system , i . e .  case (4 ) above, occurs  
f o r  a l l  t r a n s m it te r  substances s tu d ie d  in  m o lluscan  
g a n g lia  (A scher and Kehoe, 1975). The t r a n s m it te r  
substances most s tu d ie d  have been ACh (Kehoe, 1972a,b ), 
5-HT (G e rschen fe ld  and P a u p a rd in -T r its c h , 1974) and 
dopamine (A scher, 1972; B e rry  and C o t t r e l l ,  1979). The 
use o f  s p e c i f ic  a n ta g o n is ts  g r e a t ly  f a c i l i t a t e d  th e  
c la s s i f ic a t io n  o f  re c e p to r  type s  f o r  these  t ra n s m it te rs  
(A scher and Kehoe, 1975). U n fo r tu n a te ly ,  no a n ta g o n is t 
compounds f o r  FMRFamide re c e p to r (s )  have been d isco ve re d  
to  d a te , making th e  d is t in c t io n  between th e  occurrence  o f 
a s in g le  type  o f FMRFamide re c e p to r  o r m u lt ip le  FMRFamide 
re c e p to rs  d i f f i c u l t .  An a tte m p t was made to  d is t in g u is h  
between th e  two s i tu a t io n s  by com paring th e  potency o f 
FMRFamide a t  p rodu c in g  th e  d i f f e r e n t  ty p e s  o f  responses 
and a ls o  by com paring th e  a c t io n s  o f  FMRFamide analogues 
w ith  those  o f  FMRFamide on id e n t i f ie d  neurones.
4 .7 .2  DOSE-RESPONSE CURVES OF FMRFamide.
The c o n c e n tra t io n  o f  FMRFamide re q u ire d  to  a c t iv a te  
the  in c re a s e  in  gNa was a p p ro x im a te ly  100 tim e s  g re a te r  
than  t h a t  re q u ire d  f o r  th e  a c t iv a t io n  o f  th e  in c re a s e  in  
gK. T h is  was th e  r a t i o  o b ta in e d  by com paring th e  
th re s h o ld  c o n c e n tra t io n s  f o r  th e  a c t iv a t io n  o f  the  two 
responses. A v a lu e  f o r  th e  c o n c e n tra t io n  o f  FMRFamide 
re q u ire d  to  produce a h a l f  maximal in c re a s e  i n  gNa co u ld
mi
-  140
n o t be o b ta ined  because th e  p rom inen t d e s e n s it iz a t io n  o f  
t h i s  response made i t  im p o ss ib le  to  observe a tru e  maximum 
response . The p o s s ib i l i t y  th a t  the  h ig h  th re s h o ld  va lu e  
f o r  th e  in c re a s e  i n  gNa was an a r te fa c t  o f  de s e n s i t iz a t io n  
was e lim in a te d  by checking  th e  de s e n s i t iz a t io n  o f  
io n o p h o re t ic a l ly  a p p lie d  FMRFamide a f t e r  a p p lic a t io n  o f 
the  p e p tid e  to  th e  b a th . A t a ba th  c o n c e n tra t io n  s l i g h t l y  
lo w e r than  th re s h o ld ,  th e re  was no apparent 
des e n s i t iz a t io n  o f  io n o p h o re t ic a l ly  a p p lie d  FMRFamide.
The dose response r e la t io n s h ip  f o r  th e  a c t iv a t io n  o f  the  
in c re a s e  i n  gK was perform ed a t  a h o ld in g  p o te n t ia l o f 
-45  mV, w h ile  th a t  o f  th e  in c re a se  in  gNa was perform ed a t  
a h o ld in g  p o te n t ia l  o f  -70  raV. As a r e s u l t ,  an 
e x a g g e ra tio n  o f  th e  d if fe re n c e  in  th re s h o ld  va lu e s  between 
th e  two responses r e s u l t in g  from  a d if fe re n c e  in  h o ld in g  
p o te n t ia l  cannot be ru le d  o u t as v o lta g e  dependent 
d is s o c ia t io n  c o n s ta n ts  have been d e sc r ib e d  p re v io u s ly  
(O nsager, 1934).
4 .7 .3  A MODEL FOR THE RESPONSE OF THE F2 NEURONE BASED ON I
THE DIFFERENT POTENCY OF FMRFamide TOWARDS THE INCREASE IN 
gK AND THE INCREASE IN gNa.
The la rg e  d if fe re n c e  in  th e  potency o f  FMRFamide in  
a c t iv a t in g  these  two d i f f e r e n t  responses can e x p la in  th e  
v a r i a b i l i t y  o f th e  re v e rs a l p o te n t ia l  o f  th e  response o f 
F2 neurones to  FMRFamide. I f  a low  c o n c e n tra t io n  o f  
FMRFamide reaches th e  F2 neurone, th e n  th e  K component
I
- ü i i i
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w i l l  p redom ina te , how ever, i f  a h ig h  c o n c e n tra t io n  reaches 
th e  neurone, a s u b s ta n t ia l Na component w i l l  be p re s e n t, 
depending o f  course on th e  membrane p o te n t ia l .  Many 
fa c to r s  can accoun t f o r  a d i f f e r e n t  c o n c e n tra t io n  o f  
p e p tid e  re a c h in g  th e  F2 neurone, such as th e  t ra n s p o r t  
number o f  FMRFamide, th e  d u ra t io n  and m agnitude o f th e  
e je c t io n  c u r re n t  and th e  p o s i t io n  o f  th e  io n o p h o re s is  
e le c tro d e  r e la t iv e  to  th e  re c e p to rs . I f ,  when u s in g  a 
p a r t i c u la r  io n o p h o re t ic  p ip e t te ,  th e  t ra n s p o r t  number i s  
assumed c o n s ta n t and th e  e je c t io n  c u r re n t  and d u ra t io n  
were th e  same, th e  p redom inant fa c to r  a f fe c t in g  th e  
c o n c e n tra t io n  o f  FMRFamide re a ch in g  th e  re c e p to rs  i s  th e  
r e la t iv e  p o s i t io n  o f  th e  t i p  o f  th e  p ip e t te  to  th e  
re c e p to rs .  A v a r ia t io n  o f  t h is  param eter i s  v e ry  l i k e l y  
to  occur between d i f f e r e n t  p re p a ra tio n s , and a s im p le  
m odel, based on th e  d i f f u s io n  e q u a tio n s , was developed 
w hich  co u ld  e x p la in  how the  v a r ia t io n  i n  re v e rs a l 
p o te n t ia l  m ig h t a r is e  as a r e s u l t  o f  a v a r ia t io n  o f  th e  
p o s i t io n  o f  the  p e p tid e  e le c tro d e  r e la t iv e  to  th e  
re c e p to rs .  5
The model was based on a neurone su b je c te d  to  lo c a l l y  
a p p lie d  a g o n is t d u r in g  v o lta g e  clam p. The a g o n is t induces 
an in c re a s e  i n  gK and an in c re a se  in  gNa by in te r a c t in g  
w ith  two typ e s  o f  re c e p to rs .  Both h o ld in g  p o te n t ia l  and 
th e  d is ta n c e  o f  th e  a g o n is t p ip e t te  co u ld  be v a r ie d  d u r in g  
th e  e x e c u tio n  o f  th e  programme, w hich was w r i t t e n  in  b a s ic
- Vsto  ru n  on a BBC m icrocom pute r (w ith  a 6502 p ro c e s s o r) .
T - r
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Membrane c u r re n ts  were d esc ribed  by:
I  = V .(g T ) -  (gK.Eg + gNa.E^^ + g C l.E ^^ ) (4 .3 )
where
gT = gK + gNa + gC l
and V i s  th e  h o ld in g  p o te n t ia l  (G in sb o rg , 1973). The 
a g o n is t induced  in c re a s e  i n  gNa and gK w ere desc ribe d  by:
gNa = g % a ^ .C / (C  + Kd^^) (4 .4 a )
and
gK = eKmax'C/(C + Kd^) (4 .4 b )
Values o f  1 .8x10"^ and 50x10“ ^ M were g iv e n  to  Kd^ and
Kdjj^ e s p e c t iv e ly .
The d i f f u s io n  frcxn the  p ip e t te  was c a lc u la te d  
assuming an in s ta n ta n e o u s  re le a se  o f  a g o n is t ,  and th a t  th e  
su rfa ce  o f  th e  neurone was rep resen ted  by a sm a ll p o in t .  
The c o n c e n tra t io n  (C) o f  a g o n is t a t  th e  su rfa ce  o f  the  
neurone a t  tim e  t  was g iv e n  b y :
C = M .(4 T T D t)"1 "5 e x p [- (x ^ /4 D t) ]  (4 .5 )
where M i s  th e  amount o f  a g o n is t re le a se d  frcxn the  
p ip e t te ,  D i s  th e  d i f f u s io n  c o e f f ic ie n t  o f  the  a g o n is t ,  
and X i s  th e  d is ta n c e  o f th e  a g o n is t p ip e t te  from  the  
c e l l .  The e f fe c t  o f  p la c in g  th e  p ip e t te  a t  v a r io u s
1
F ig .4 :1 .  The e f fe c t  o f  th e  d is ta n c e  o f  ' an
io n o p h o re s is  p ip e t te  from  a p o p u la tio n  o f  two typ e s  o f
re c e p to rs , one type w ith  a d is s o c ia t io n  co n s ta n t o f
1.8x10 ^ M m e d ia tin g  an in c re a s e  in  gK, th e  o th e r type
w ith  a d is s o c ia t io n  c o n s ta n t o f 50x10~ M m e d ia tin g  an
in c re a s e  in  gNa. The neurone i s  v o lta g e  clamped a t  th re e
d i f f e r e n t  h o ld in g  p o te n t ia ls  (V h ) . In c re a s in g  th e
d is ta n c e  o f  th e  p ip e t te  r e s u l t s  in  a re d u c t io n  o f  the
r e la t i v e  component o f  th e  in c re a s e  in  gNa in  th e
response . The amount (M) o f  substance e je c te d  was s e t a t  
“ 151x10 m ol, and th e  c o e f f ic ie n t  o f d i f f u s io n  was s e t a t  
5x10*9 m^/s.
—  1----- •■V ... • . ...
Vh -20mV
Vh -40mV
120yjm
80^m
Vh "80mV
120/jm
20s
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d is ta n c e s  frw n  th e  neurone i s  shown in  F ig . 4 :1 .
T h is  s im p le  model dem onstra tes how th e  re v e rs a l 
p o te n t ia l  o f  a m u lt ir e c e p to r  response can v a ry  w ith  the  
c o n c e n tra t io n  o f  a g o n is t re a ch in g  th e  re c e p to rs  i f  th e  
va lu e  o f  th e  d is s o c ia t io n  co n s ta n ts  f o r  th e  re c e p to r  types 
a re  d i f f e r e n t .  The v a r i a b i l i t y  o f  th e  re v e rs a l p o te n t ia l 
o f  th e  F2 response to  FMRFamide can be e x p la in e d  in  p a r t  
by t h i s  m odel, however, re g io n a l d if fe re n c e s  between the  
d is t r ib u t io n  o f  th e  two type s  o f  re c e p to r-c h a n n e l 
complexes on th e  F2 neurone may w e l l  o c c u r .
4 .8  FMRFamide PEPTIDES WITH N-TERMINAL EXTENSIONS.
4 .8 .1  ACTIONS OF THE N-TERMINAL EXTENDED ANALOGUES.
2S u b s t i tu t io n  o f  Met o f  FMRFamide f o r  Leu o r  l i e  had 
l i t t l e  e f f e c t  on e i t h e r  b io lo g ic a l  a c t i v i t y  o r  po tency, 
the  e f fe c t s  o f  th e  r e s u l t in g  analogues w ere , on th e  w hole, 
in d is t in g u is h a b le  from  those  o f FMRFamide. E x tens ion  o f  
the  N - te rm in a l by T ÿ r-G ly -G ly -  produces YGGFMRFamide, 
which i s  re p o r te d  to  be a p o te n t ana logue o f FMRFamide, 
bo th  p e p tid e s  be ing  e q u ip o te n t and h a v in g  id e n t ic a l  
a c t io n s  on many m o lluscan  m uscles (G reenberg , P a in te r  and 
P r ic e ,  1 9 8 1 ) .  D i f f e r e n t ia l  a c t io n s  have, however, been 
observed i n  o th e r  m o llu sca n  m uscles, such as th e  te n ta c le  
r e t r a c to r  m uscle o f H e lix  ( C o t t r e l l ,  G reenberg and P r ic e , 
1 9 8 3 ) ,  and M v t i lu s  ABRM (Muneoka and M atsuura , 1985).
V
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A p p lic a t io n  o f  YGGFMRFamide on to  H e lix  neurones produced 
a c t io n s  w h ich  were d i f f e r e n t  to  tho se  induced by 
FMRFamide. S eve ra l o th e r  N - te rm in a lly  extended p e p tid e s  
w h ich  were te s te d  on H e lix  neurones gave responses 
re se m b lin g  those  o f  YGGFMRFamide ( C o t t r e l l  and D av ies , 
1985).
YGGFMRFamide i s  more p o te n t th a n  FMRFamide a t  
in d u c in g  th e  v o lta g e  dependent decrease i n  gK ( C o t t r e l l ,  
1982a). T h is  was a ls o  found to  be t ru e  f o r  th e  extended 
analogue pQDPFLRFamide. Both o f these p e p tid e s  o f te n  o n ly  
produced a weak outw ard K c u r re n t  in  th e  Cl neurone. In  
o th e r  neurones, however, a c o m p a ra tiv e ly  f a s t  
h y p e rp o la r iz a t io n  re s u lte d  frcm  lo c a l a p p l ic a t io n  o f  bo th  
YGGFMRFamide and pQDPFLRFamide. Two o th e r  N - te rm in a lly  
extended ana logues, PFLRFamide and GDPFLRFamide, a ls o  
evoked t h i s  f a s t  h y p e rp o la r iz a t io n .
E xperim ents perform ed under v o lta g e  clamp c o n d it io n s  
showed t h a t  t h i s  response was e v id e n t as an outward 
c u r re n t ,  w h ich  reve rse d  to  an inw ard  c u r re n t  a t  p o te n t ia ls  
more n e g a tiv e  th a n  -80 mV. Th is response was s e n s it iv e  to  
e x te rn a l K c o n c e n tra t io n , and was a tte n u a te d  by TEA and 
in t r a c e l l u la r  Cs^ io n s .  The a tte n u a t io n  by TEA was 
somewhat le s s  tha n  t h a t  o f  the  FMRFamide induced slow  
in c re a s e  in  gK. I t  i s  concluded t h a t  t h is  f a s t
h y p e rp o la r iz a t io n  was m ediated by K^ io n s .  T h is  response 
i s  termed th e  f a s t  in c re a s e  in  gK to  d is t in g u is h  i t  from
- T - F -
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the  slow in c re a s e  i n  gK induced by th e  te t ra p e p t id e s .
I t  co u ld  be argued th a t  these two K responses a re  n o t 
d i f f e r e n t ,  b u t t h a t  the  d if fe re n c e  i n  d u ra t io n  arose 
s im p ly  because o f  a d if fe re n c e , i n  po tency between 
FMRFamide and th e  extended p e p tid e s  a t  p ro d u c in g  th e  same 
in c re a s e  i n  gK. T h is  i s  u n l ik e ly  on accoun t o f a number 
o f  o b s e rv a tio n s ; ( 1 ) ,  th e  f a s t  in c re a s e  in  gK was n o t 
observed w ith  any o f  th e  te tra p e p t id e s ,  ( 2 ) ,  the  f a s t  
in c re a s e  i n  gK was o c c a s io n a lly  observed i n  c e l ls  where 
FMRFamide d id  n o t induce  th e  slow in c re a s e  in  gK, ( 3 ) ,  the  
h e p ta p e p tid e s  co u ld  w eakly  a c t iv a te  th e  s low  in c re a se  in  
gK, and ( 4 ) ,  a co m b ina tio n  o f  th e  f a s t  and slow  in c re a se
in  gK was sometimes induced by th e  extended p e p tid e s  on a
s in g le  neurone. In  one neurone where bo th  f a s t  and slow 
in c re a s e s  i n  gK were observed, the  p e p tid e  (pQDPFLRFamide) 
p ip e t te  was p laced  i n  d i f f e r e n t  p o s it io n s  around th e  soma 
o f  th e  neurone. T h is  re s u lte d  i n  changes in  th e
p ro p o r t io n  o f  f a s t  and slow  components in  th e  th e  o v e r a l l  
response . F u rthe rm ore , the  peak o f  th e  f a s t  and slow  
components w ere  te m p o ra lly  sepa ra ted , th e  peak o f  th e  slow 
component a lw ays o c c u r r in g  la t e r  than  t h a t  o f the  fa s t  
component. T h is  can n o t be a t t r ib u te d  to  a s p a t ia l
d i s t r ib u t io n  o f  a s in g le  type  o f  re c e p to r ,  as such a 
s i t u a t io n  shou ld  produce a s in g le  peaked response (P urves,
1977). From these  o b s e rv a tio n s , i t  seems l i k e l y  th a t  th e  7
two in c re a s e s  i n  gK a re  two d i f f e r e n t  responses, and n o t 
m ere ly  an a r te fa c t  o f  c o n c e n tra t io n  and p o tency . The
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re s u l ts  a re  a ls o  c o n s is te n t  w ith  th e  occurrence  o f 
d i f f e r e n t  re c e p to rs  a s s o c ia te d  w ith  th e  f a s t  and slow 
in c re a s e  in  gK.
4 .8 .2  DIFFERENCES BETWEEN THE TETRAPEPTIDES AND THE 
N-TERMINAL EXTENDED ANALOGUES.
A p a rt from  th e  d if fe re n c e s  i n  th e  in c re a s e  in  gK 
a c t iv a te d  by th e  te t ra p e p t id e s  and th e  N - te rm in a lly  
extended ana logues, a n o th e r m a jo r d if fe re n c e  between th«n 
i s  th e  la c k  o f  a c t iv a t io n  o f  th e  in c re a s e  in  gNa by th e  
extended p e p tid e s . T h is  produced s ig n i f ic a n t  d if fe re n c e s  
when com parisons were made o f  the  a c t io n s  o f  th e  extended 
p e p tid e s  w ith  those o f  FMRFamide on th e  F2 neurone. W hile  
FMRFamide produced an in w a rd , d e p o la r iz in g  c u r re n t ,  the  
extended p e p tid e s  produced an outw ard , h y p e rp o la r iz in g  
c u r re n t.
C o n tra s tin g  responses were n o t ic e d  f i r s t  between 
FMRFamide and YGGFMRFamide. I t  was c o n c e iv a b le  th a t  th e  
d if fe re n c e s  a rose  because o f  the  e x is te n c e  o f  d is t in c t  
re c e p to r  ty p e s , one type  re c o g n is in g  FMRFamide p e p tid e s , 
and th e  o th e r  type  be ing  an o p io id  typ e  re c e p to r , 
re c o g n is in g  th e  N -te rm in a l M e t-e n ke p h a lin  sequence o f 
YGGFMRFamide. An o p io id  re c e p to r  system has been re p o rte d  
in  H e lix  pom atia  neurones (S te fa n o , S .-R ozsa and H i r i p i ,  
1 9 8 0 ) .  However, th e  in te r a c t io n  o f  YGGFMRFamide w ith  an 
o p io id  re c e p to r  seaned u n l ik e ly  here , as n e i th e r  YGGFM nor
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YGGFMRF induced  responses in  neurones where YGGFMRFamide 
produced s u b s ta n t ia l responses. F u rthe rm ore , the  a c tio n s  
o f  pQDPFLRFamide and PFLRFamide were v e ry  s im i la r  to  those  
o f  YGGFMRFamide. W ith  th e  o n ly  common sequences in  these
ana logues be ing  F-RFamide, t h is  a ls o  makes i t  u n l ik e ly  
th a t  th e  b io lo g ic a l  a c t io n  o f  YGGFMRFamide, and a ls o  
pQDPFLRFamide and PFLRFamide re s id e s  o n ly  in  th e  
N - te rm in a l.  T\ro o th e r  p e p tid e s  w h ich  gave no responses
when compared w ith  pQDPFLRFamide were pQDPFLRLamide and
7pQDPFLRIamide, the  o n ly  d if fe re n c e  be ing  th a t  Phe was 
s u b s t itu te d  f o r  Leu o r  l i e .  The f a i l u r e  o f  these  p e p tid e s  
to  induce  responses aga in  s tro n g ly  suggests  th a t  th e  
a c t i v i t y  o f  pQDPFLRFamide does n o t o n ly  re s id e  in  th e  
N - te rm in a l p a r t  o f  th e  m o lecu le , b u t t h a t  th e  C -te rm in a l 
sequence i s  a ls o  v i t a l  f o r  the  b io lo g ic a l  a c t i v i t y  o f  the  
extended FMRFamide ana logues.
4 .9  AN ANALOGY WITH THE OPIOID SYSTEM.
One o f  th e  p e p tid e  re c e p to r  systems w h ich  has been 
th o ro u g h ly  s tu d ie d  i s  th e  o p io id  system . There a re  a t  
le a s t  fo u r  w e l l  c h a ra c te r iz e d  o p io id  b in d in g  s i t e s ,  the  
i  - ,  j J - ,  k -  and £ -o p io id  re c e p to rs . The endogenous 
o p io id s  in t e r a c t  w ith  a l l  fo u r  o f  these  re c e p to rs  to
v a ry in g  d eg rees . The a f f i n i t y  o f M e t-e n ke p h a lin  tow ards
th e  S - r e c e p to r  i s  a lte re d  tow ards bo th  & -  and 
jU - re c e p to rs  by e x te n d in g  th e  C -te rm in a l by -A rg -P he  to  
g iv e  YGGFMRF ( K o s te r l i t z ,  1985). D ecreasing
-'A ' t . ..
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jJ ~ e n d o rp h in (1-31) to  p » -e n d o rp h in (1-17) by s e q u e n t ia lly  
rem oving C - te rm in a l amino a c id s , does n o t a l t e r  the  
a f f i n i t y  o f  th e  r e s u l t in g  analogues tow ards e i t h e r  6 -  o r 
j j  -  s i t e s ,  however, th e  a f f i n i t y  tow ards th e  £  -  s i t e
decreases m arked ly  once ^  -e n d o rp h in C 1-22) i s  reached 
(S c h u ltz ,  W uster and H erz, 1981). These a re  ju s t  two 
examples where changing th e  le n g th  o f  th e  p e p tid e  cha in  
a l t e r s  th e  in t e r a c t io n  o f  th e  r e s u l t in g  compounds w ith  the  
d i f f e r e n t  re c e p to rs .
An ana logy e x is ts  between th e  o p io id  system and th e
FMRFamide system , in  t h a t  e x te n d in g  th e  N -te rra in a l o f
FMRFamide a ls o  a l t e r s  th e  b io lo g ic a l  a c t i v i t y ,  p o s s ib ly  by
d ir e c t in g  th e  r e s u l t in g  analogue tow ards a d i f f e r e n t
re c e p to r .  T h is  th e o ry  was proposed f o r  th e  o p io id  p e p tid e
d y n o rp h in . D ecreasing  d y n o rp h in (1-13) t o  d y n o rp h in (1-5)
(L e u -e n k e p h a lin ) re s u lte d  in  m a jo r decreases in  th e
13potency o f  t h i s  p e p tid e , e s p e c ia lly  w ith  rem oval o f Lys , 
11 7Lys and A rg (C havkin  and G o ld s te in . 1981; James, 
F is c h l i  and G o ld s te in , 1984), The amino a c id s  1-4 (ÏGGF) 
were regarded  as th e  o p io id  message sequence, w h ile  5-13 
was th e  address sequence, w hich enhanced th e  potency 
tow ards th e  k - r e c e p to r .  I f  i t  i s  assumed th a t  th e  fo u r  
responses observed w ith  FMRFamide p e p tid e s  a re  produced by 
th e  a c t iv a t io n  o f  fo u r  d is t in c t  re c e p to rs , the n  N -te rm in a l 
e x te n s io n s  may be regarded  as address sequences, enhancing 
th e  potency tow ards th e  re c e p to rs  a s s o c ia te d  w ith  th e  fa s t  
in c re a s e  i n  gK and th e  decrease in  gK. I t  i s  n o t known
. ' T'--— T:— !— I--- 1—  , ■ ....
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w hether in c re a s in g  th e  FMRFamide ch a in  by one amino a c id  
i s  enough to  a l t e r  th e  p o te ncy , o r  w he the r th e  amino a c id  
has to  be p r o l in e .  However, th e re  appears to  be l i t t l e  
s im i la r i t y  between th e  YGG- e x te n s io n  and th e  o th e r 
e x te n s io n  sequences.
; ‘- ï■■■■■>- K " ' - ' .4:.
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4.10  A HYPOTHESIS EXPLAINING THE MJLTIFLE RESPONSES 
INDUCED BY FMRFamide PEPTIDES.
The fo u r  responses induced  by FMRFamide p e p tid e s  
d i f f e r  n o t o n ly  in  t h e i r  io n ic  mechanisms, b u t a ls o  in  
t h e i r  r e la t iv e  s e n s i t i v i t y  to  th e  v a r io u s  FMRFamide 
ana logues te s ie cL . The r e s u l t s  o b ta in e d  a re  c o n s is te n t 
w ith  th e  presence o f fo u r  FMRFamide-peptide re c e p to rs  on
-H e lix  neurones, and a re  t e n ta t iv e ly  l i s t e d  be low :
RECEPTOR RESPONSE
FaRI in c re a s e  in  gJJa
FaR2 slow in c re a se  in  gJC
FaR3 fa s t  in c re a se  in  gK
FaR4 decrease in  gK
FaRI and FaR2 a re  a c t iv a te d  m a in ly  by th e  te t ra p e p t id e s ,  
w h ile  th e  N - te rm in a lly  extended p e p tid e s  a c t iv a te  m a in ly  
FaR3 and FaR4. C onc lus ive  p ro o f o f t h i s  p ro p o sa l, 
however, a w a its  th e  d isco ve ry  o f s e le c t iv e  a n ta g o n is ts  f o r  
these  p u ta t iv e  re c e p to rs .
'4 , :
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4 .11 PHYSIOLOGICAL RCLE OF FMRFamide PEPTIDES.
The io n ic  a c t io n s  o f  th e  responses observed suggest 
t h a t  FMRFamide p e p tid e s , i f  re le a se d  in  s u f f ic ie n t  
q u a n t i t ie s  from  nerve te rm in a ls ,  co u ld  a c t as 
in te rn e u ro n a l m essengers. The in c re a s e  i n  gNa cou ld  have 
an e x c ita to r y  r o le ,  w h ile  bo th  th e  f a s t  and slow  in c re a se  
in  gK w ou ld  le a d  to  in h ib i t i o n .  These responses, which 
in v o lv e  an in c re a s e  in  conductance, a re  s im i la r  to  many 
w e l l  e s ta b lis h e d  responses to  s y n a p t ic a l ly  re leased  
t r a n s m it te r  substances (Kehoe, 1972a; G ersche n fe ld  and 
P a u p a rd in -T r its c h , 1974; B e rry  and C o t t r e l l ,  1979). The 
reason f o r  th e  co m b in a tio n  o f  the  in c re a s e  in  gNa and the  
in c re a s e  i n  gK on th e  F2 neurone i s  n o t known. However, 
the  d if fe re n c e  in  s e n s i t i v i t y  o f these two responses to  
FMRFamide, to g e th e r  w ith  th e  ra p id  des e n s i t iz a t io n  o f  the  
in c re a s e  i n  gNa, suggests  th a t  th e  response o f  th e  F2 
neurone may be a fu n c t io n  o f  th e  amount o f  FMRFamide 
re le a s e d  and th e  d u ra t io n  o f  re le a s e .
The v o lta g e  dependent decrease in  gK may have a more 
s u b t le ,  b u t n o n e th e le ss  i n f l u e n t i a l ,  a c t io n  on the  
e le c t r i c a l  p ro p e r t ie s  o f  in d iv id u a l  neurones. Due to  the  
decrease in  conductance accompanying t h i s  response, bo th  
th e  tim e  and space c o n s ta n t o f  th e  neurone w i l l  in c re a s e , 
thu s  in c re a s in g  th e  e f f ic a c y  o f  p o s t-s y n a p t ic  p o te n t ia ls .  
A v o lta g e  dependent su pp re ss io n  o f  a K c u r re n t  occurs  in
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sym p a th e tic  g a n g lio n  c e l ls  fo l lo w in g  a p p l ic a t io n  o f  LHRH, 
substance P and m u s c a r in ic  a g o n is ts  (Adams and Brown, 
1980; Brown and Adams, 1980; Adams Brown and Jones, 
1983). T h is  i s  b e lie v e d  to  be the  mechanism u n d e r ly in g  
th e  slow  EPSP and th e  la t e  slow EPSP i n  these  neurones. 
The la t e  slow  EPSP i s  p ro b a b ly  genera ted  fo l lo w in g  th e  
re le a s e  o f  an LH R H -like  p e p tid e  (Jan , Jan and K u f f le r ,  
1979; Jan and Jan , 1982). Th is  decrease in  a K c u r re n t  
le a d s  to  an in c re a s e d  e x c i t a b i l i t y  o f  b u l l f r o g  g a n g lio n  
neurones by f a c i l i t a t i n g  incom ing e x c ita to r y  p o s ts y n a p tic  
even ts  (Brown, 1983).
The v o lta g e  dependent n a tu re  o f  th e  response to  
FMRFamide p e p tid e s  im p lie s  a p o s s ib le  m o d u la to ry  r o le  on 
a c t io n  p o te n t ia l  d u ra t io n ,  and co n se q u e n tly , i f  o c c u r r in g  
i n  p re s y n a p tic  te rm in a ls ,  on the  m o d u la tio n  o f  t r a n s m it te r  
re le a s e  (K a tz  and M ile d i,  1967; L l in a s ,  S ug im ori and 
Simon, 1982). In  an id e n t i f ie d  neurone ( th e  A neurone) in  
the  b ucca l g a n g lio n  o f  H e lix .  5-HT produces a v o lta g e  
dependent response , s im i la r  to  th a t  induced  by FMRFamide 
p e p tid e s  i n  th e  C l neurone. C o t t r e l l  (1982b) has shown 
th a t  s y n a p t ic a l ly  re le a s e d  5-HT a ls o  evokes t h is  response 
in  th e  A neurone, d u r in g  w hich th e re  i s  a co nco m ita n t 
in c re a s e  i n  th e  d u ra t io n  o f  the  a c t io n  p o te n t ia l  and a ls o  
a decrease in  th e  amount o f accommodation d u r in g  p e r io d s  
o f  h ig h  fre q u e n cy  o f  a c t io n  p o te n t ia l f i r i n g .  A s im i la r  
response induced  by 5-HT in  A c lv s ia  sensory neurones i s  
b e lie v e d  to  be im p o r ta n t in  b e h a v io u ra l s e n s i t iz a t io n
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(K le in  and K ande l, 197 8; K le in ,  Camardo and Kandel, 
1982).
FMRFamide p e p tid e s  have been lo c a te d
im m un o h is to ch em ica lly  i n  H e lix  g a n g lia  u s in g  a n t ib o d ie s  
d ire c te d  a g a in s t  th e  sequence -M et-A rg-P he-N H ^. In  
p a r t ic u la r ,  im m u n o re a c tiv ity  has been d e te c te d  in  an 
id e n t i f ie d  neurone i n  th e  c e re b ra l g a n g lio n , termed th e  C3 
neurone ( C o t t r e l l ,  Schot and Dockray, 1983). T h is  neurone 
p ro je c ts  t o  th e  te n ta c le  r e t r a c to r  m uscle where FMRFamide 
re a c t iv e  n e u ro n a l p rocesses a re  p re s e n t. S t im u la t io n  o f  
the  C3 neurone causes a c o n tra c t io n  o f  th e  te n ta c le  
r e t r a c to r  m u sc le , however, i t  i s  n o t de te rm ined  w hether 
the  c o n t ra c t io n  a r is e s  as a d i r e c t  r e s u l t  o f  th e  re le a s e  
o f p e p t id e .
R e ce n tly  b o th  FMRFamide and pQDPFLRFamide have been 
e x tra c te d  fro m  H e lix  g a n g lia ,  in  a d d it io n  to  a t  le a s t  one 
o th e r FMRFamide re la te d  p e p tid e  (P r ic e ,  C o t t r e l l ,  Doble, 
Greenberg, Jo renby , Lehman & Riehm, 1985). The 
c o n tra s t in g  responses observed w ith  these  two p e p tid e s  
suggest t h a t  the y  may have q u i te  d i f f e r e n t  p h y s io lo g ic a l
r o le s .  The re le a s e  o f  FMRFamide on to  a neurone may have
an e f f e c t  w h ich  i s  q u i te  th e  o p p o s ite  to  th a t  o f  the  
re le a s e  o f  pQDPFLRFamide. I t  i s  in te r e s t in g  to  no te  th a t
rem oval o f  th re e  amino a c id s  from  th e  N -te rm in a l o f
pQDPFLRFamide y ie ld s  FLRFamide, w hich has v e ry  d i f f e r e n t  
b io lo g ic a l  p r o p e r t ie s .  I f  d i f f e r e n t ia l  p ro ce ss in g  o f  th e
;
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p re c u rs o r m o le cu le  o ccu rre d , then  i t  i s  c o n c e iv a b le  th a t  a 
c e r ta in  neurone may re le a s e  e i t h e r  FLRFamide o r 
pQDPFLRFamide, Such a s i t u a t io n  co u ld  th e re fo re  change 
p a r t ic u la r  synapses from  be ing  e x c i ta to r y  to  in h ib i t o r y  by 
a l t e r in g  th e  p ro c e s s in g  o f  th e  p re c u rs o r m o le c u le .
The e x is te n c e  o f  FMRFamide p e p tid e s  in  th e  nervous 
system o f  H e l ix , to g e th e r  w ith  im m unohistoch em ica l
lo c a l iz a t io n  o f  these  p e p tid e s  i n  id e n t i f i e d  neurones 
s t ro n g ly  suggest th a t  they  may have a p h y s io lo g ic a l ro le  
i n  t h i s  m o llu s c . The p o te n t and d iv e rs e  e f fe c ts  o f  
FMRFamide p e p tid e s  on m o lluscan  m usc les  and neurones 
enhance t h i s  v ie w , and im p ly  a p o s s ib le  n e u ro tra n s m it te r  
a c t io n  f o r  these  p e p t id e s . F u rthe rm ore , a c o n t in u a t io n  o f  
t h i s  re se a rch  on th e  H e lix  nervous system  shou ld  g iv e  a 
v a lu a b le  in s ig h t  in t o  n e u ro p ep tid e  p h y s io lo g y .
--  L. J i
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